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1.  Introduction 


A  large  variety  of  physical  factors  are  responsible  for  a  deterioration  of  optical  quality  of  laser 
radiation  propagating  through  an  active  medium,  optical  elements,  atmosphere  etc.  The  laser 
optical  quahty  can  be  substantially  improved  by  using  a  nonlinear  optical  method  of  phase 
conjugation  (PC)  of  laser  radiation  [1],  which  exhibits  the  inherent  capability  of  correcting  and 
preventing  a  laser  beam  from  optical  aberrations.  The  feasibihty  of  PC  process  has  been  already 
demonstrated,  practically,  almost  for  every  kind  of  a  laser.  The  physical  mechanisms  of  PC  and 
nonlinear  optical  media,  where  PC  takes  place,  are  quite  different  for  different  lasers  and 
wavelengths.  There  is  no  PC  mirror  which  would  effectively  operate  for  each  sort  of  a  laser. 

Until  recently  PC  mirrors  with  good  characteristics  were  only  available  for  lasers  operating  in 
the  visible  and  near  DL  High  power  (HP)  CO2  and  CO  lasers,  which  are  very  prospective  for 
different  kinds  of  apphcations,  however,  operate  in  the  mid  IR:  X~9-llp.m  for  CO2  and 
X  ~  5-6  pm  for  CO  lasers. 

The  degenerate  four  wave  mixing  (DFWM)  techmque  [2,  3]  appears  to  be  more  suitable  for 
PC  of  HP  CO2  and  CO  lasers  radiation.  For  the  first  time  PC  at  DFWM  for  short 
(submicrosecond)  pulse  CO2  laser  was  experimentally  observed  in  semiconductors  and  inverted 
medium  [4,  5],  and  absorbing  gas  [6,  7].  Afterwards  PC  at  DFWM  for  CO2  laser  was  investigated 
both  experimentally  and  theoretically  very  intensively  [8,  9]  for  different  nonlinear  media. 

However,  the  usage  of  semiconductors  and  Uquids  as  PC  mirrors  for  HP  CO2  and  CO  lasers  is 
strongly  restricted  because  of  heatiag  and  feasibility  of  destroying  a  nonlinear  medium  itself.  That 
is  why  the  main  attention  for  HP  pulsed  and  repetitively  pulsed  CO2  and  CO  lasers  (especially  for 
electron  beam  controlled  discharge  (EBCD)  lasers),  which  operate  in  long  pulse  mode  (10-50  ps 
for  CO2  and  100  -  1000  ps  for  CO  laser)  is  paid  to  gas  media  which  can  be  removed  firom  an 
interaction  zone  very  rapidly. 

PC  at  DFWM  for  long  (Tout»10‘^  s)  CO2  laser  pulses  in  absorbing  SFs  gas  was  observed  in 
[10]  with  efficiency  up  to  100%,  though  the  pulse  length  of  a  reflected  signal  was  half  as  much  as 
that  of  a  probe  signal.  The  pulse  length  of  a  PC  signal  was  increased  in  [1 1]  up  to  25  ps  at  pulse 
length  of  a  probe  signal  of  40  ps.  But  PC  efficiency  (PC  reflectivity  (PCR))  dropped  very  strongly 
down  to  5-10%.  An  apphcation  of  PC  techniques  with  absorbing  gas  for  HP  repetitively  pulsed 
CO2  laser  was  demonstrated  in  [12].  The  main  disadvantage  of  using  absorbing  gas  like  SFg  as  a 
PC  mirror  is  a  deterioration  of  optical  homogeneity  of  the  nonlinear  mediiun,  that  decreases  the 
efficiency  and  optical  quahty  of  a  PC  signal  for  long  laser  pulse.  It  should  be  noted  that  for  CO 
lasers  absorbing  gas  media  as  PC  mirror  were  not  investigated  altogether. 


The  active  or  inverted  medium  of  HP  CO2  and  CO  lasers  appears  to  be  a  promising  PC  mirror 
at  DFWM  of  laser  radiation  inside  the  medium.  In  case  of  the  intracavity  DFWM  the  pumping 
waves  are  counter-propagating  intracavity  ones  (Ei,  E2  with  intensities  and  wave  vectors  Ii,  I2  and 
ki,  ki,  respectively)  inside  active  medium  of  a  laser,  the  probe  beam  (E3  with  intensity  I3  and  wave 
vector  ki)  is  the  laser  output  weakened  with  attenuator.  The  interaction  of  the  waves  results  in  a 
spatial  modulation  of  laser  gain  (resonant  or  amphtude  mechanism)  and  that  of  refractive  index 
(thermal  or  phase  mechanism).  This  spatial  modulation  represents  a  volume  hologram  (grating)  in 
the  nonlinear  medium  (laser  active  medium  in  our  case).  If  we  consider  the  backward  (counter- 
propagating)  pumping  wave  as  the  read  out  beam  in  this  holographic  analogy,  we  see  that  fourth 
wave  (E4  with  intensity  I4  and  wave  vector  A4)  is  produced  by  the  scattering  of  this  backward 
wave  on  the  interference  pattern  in  the  nonlinear  medium.  Any  phase  information  in  the  incident 
probe  wave  is  recorded  in  the  gain  grating  and  in  the  thermal  one  and  it  is  transferred  to  the 
scattered  signal  which  is  reversed  in  time  (or  conjugated).  Fig.  1.1a  schematically  shows  this 
interference  pattern  formed  between  the  forward  (co-propagating)  pumping  wave  and  the  probe 
one  with  spacing  Ai3=A,  (2  sin  0/2)'*  (Ai3~X,/0  for  small  interaction  angle  0«1).  A  similar 
interference  pattern  is  produced  between  the  backward  pumping  wave  and  the  probe  one 
(Fig.  1.1b)  that  also  gives  rise  to  the  phase  conjugated  (PC)  signal.  It  should  be  noted  that  the 
spacing  of  the  interference  fringes  is  much  smaller  in  the  latter  case  (A23=X  (2  cos  0/2)'*  ~A,/2  for 
small  kteraction  angle  0«1). 

For  the  first  time  PC  process  tmder  DFWM  inside  own  active  medimn  of  CO2  laser  was 
experimentally  observed  in  [4,  5]  for  short  laser  pulse  (tout  ^  0.2  ps,  where  Tout  -  pulse  duration  of 
laser  output).  To  explain  the  observed  results  the  authors  of  the  paper  used  the  theory  of  the  PC 
process  [13]  vriiich  based  on  the  theory  of  wave  mixing  [14].  The  PC  theory  [13,  15]  dealt  with 
resonant  (amphtude)  mechanism  of  PC  process  for  two-level  medium  under  non-transient 
DFWM.  Transient  PC  process  should  be  described  by  the  theory  involved  a  system  of  kinetic 
equations  of  inverted  medium  [16].  Another  mechanism  of  the  PC  process  (thermal  or  phase 
mechanism  or  tight  induced  medium  perturbation  (LIMP))  was  analyzed  theoretically  and 
observed  experimentally  for  long  pulse  CO2  laser  (tout  ^  Trei,,  where  Trei  -  relaxation  time  of  upper 
laser  level)  in  [17-21].  There  was  demonstrated  in  [20,  21]  that  complicated  temporal  behaviour 
of  the  PC  signal  can  be  explained  only  by  both  mechanisms  of  PC  process  at  DFWM  inside  own 
active  medium  of  CO2  laser. 

The  PC  at  DFWM  for  CO  laser  with  feedback  optical  scheme  may  be  observed  in  [22],  the 
theory  of  PC  at  DFWM  being  developed  now  [23,24]  and  still  far  from  its  finishing. 
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It  should  be  strongly  emphasized,  that  experimental  results  published  earlier  contradict  each 
other.  For  instance,  reflectivity  for  CO2  laser  observed  in  [17,  18]  reaches  30-50%,  PCR  was 
0.15%  in  [19]  and  2%  in  [20];  for  CO  laser  -  11%  in  [22]  and  0.2%  in  [20].  Some  papers  [17,  18, 
22]  did  not  demonstrate  an  experimental  proof  of  a  signal  observed  being  a  PC  one.  That  is  why  a 
main  objective  of  this  paper  is  a  thorough  parametric  study  of  a  PC  process  at  DFWM  and  the 
study  of  physical  mechanisms  of  the  PC  process  in  active  medium  of  CO2  and  CO  lasers  both 
theoretically  and  experimentally.  The  special  attention  was  paid  to  experimental  techmques  which 
proves  the  signal  detected  to  be  a  PC  one. 

The  paper  consists  of  four  parts.  First  one  (Introduction)  introduces  to  the  PC  problem  and 
terminology.  The  second  part  deals  with  theoretical  model  of  the  PC  process  and  presents  main 
theoretical  results.  The  third  part  presents  experimental  results  of  the  PC  process  inside  active 
medium  of  CO2  laser,  comparison  of  the  results  with  the  theory  and  also  the  experimental  results 
of  the  PC  process  inside  active  medium  of  CO  laser.  The  comparison  of  the  experimental  results 
for  CO  and  CO2  lasers  and  main  conclusions  will  be  presented  in  the  fourth  part.  The  research  on 
high-frequency  temporal  structure  of  probe  and  PC  signals  at  DFWM  of  radiation  of  CO2  and  CO 
lasers  in  their  inverted  medium  with  nanosecond  resolution  is  discussed  in  Part  4. 


Fig.  1.1.  Interference  pattern  demonstrating  the  large  scale  grating  (a)  between 
the  probe  wave  ^3  and  the  forward  (co-propagating)  pumping  wave  k\  and 
the  small  scale  grating  (b)  between  the  probe  wave  and  the  backward 
(coimter-propagating)  pumping  wave  k2  at  degenerate  four-wave  rnixing. 
k^  -  the  phase  conjugated  wave,  0  -  an  angle  of  interaction,  2  -  a  laser  wavelength. 
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2.  Theoretical  investigation  of  phase  conjugation  at  DFWM  of 
pulsed  CO2  laser  radiation  inside  inverted  medium 

A  calculation  of  a  PC  reflectivity  (PCR  or  R)  for  a  signal  wave  is  one  of  main  problems  of  the 
PC  theory.  When  obtaining  a  formula  for  PCR,  the  interacting  waves  are  usually  represented  as 
plane  ones  for  a  cubic  nonlinear  medium.  The  obtained  expressions  remain  true  for  a  more 
common  case  of  wide  angular  spectrum  of  a  signal  wave  and  conjugated  pumping  waves.  It  is  also 
supposed  that  the  light  waves  forming  a  transient  gratings  are  coherent.  In  practice  the  condition  of 
coherency  is  frequently  realized  by  using  the  same  radiation  source  for  creating  signal  and 
pumping  waves  with  an  acceptable  optical  delay  between  them.  A  frequency  selection  with  the 
purpose  of  a  stabilization  of  rotational-vibrational  transition  during  radiation  pulse  is  required  for 
CO2  laser.  When  no  frequency  selection  taking  place  (for  example  at  pressure  of  laser  mixture  of 
~1  atm),  the  number  of  a  rotational  spectral  line  can  be  varied  during  the  laser  pulse  [25].  As  a 
result  temporal  behaviour  of  amplitude  grating  is  changed  and  a  strong  decrease  of  phase  thermal 
grating  amplitude  takes  place. 

In  the  DFWM  theory  presented  longitudinal  optical  resonator  modes  are  assumed  to  form 
amplitude  and  phase  gratings.  A  total  contribution  of  these  longitudiaal  modes  is  the  same  one  as 
for  a  single  longitudinal  mode  with  intensity  equal  to  a  sum  of  intensities  of  all  these  modes.  In 
fact,  this  assumption  is  close  to  the  model  of  a  smooth  laser  pxxlse  model. 

DFWM  problems  in  the  media  with  cubic  nonlinearity  have  been  investigated  intensively  both 
experimentally  and  theoretically.  The  problems  include  selective  and  polarization  properties  of  PC 
mirrors,  creation  of  pumping  waves  etc.  However,  we  do  not  touch  these  problems  in  this  paper 
and  give  main  attention  to  DFWM  in  the  inverted  medium  of  pulsed  EBCD  CO2  laser.  The 
properties  of  a  nonlinear  medium  are  very  important  for  transient  DFWM  as  compared  to  usual 
volumetric  hologram  and  occupy  an  important  place  in  the  DFWM  theory.  The  properties  of  a 
thermodynamically  nonequilibrium  nonlinear  media,  which  include  active  laser  media,  are  much 
more  important  for  the  DFWM  process.  These  nonlinear  media  are  characterized,  as  a  rule,  by 
hi^  order  of  nonlinearity.  The  relaxation  processes  in  them  are  reflected  in  temporal 
characteristics  of  a  PC  signal  at  DFWM.  Besides  there  is  a  lot  of  thermodynamically 
nonequihbrium  nonlinear  medium  parameters  which  influence  on  pulse  temporal  characteristics 
and  power  eflSciency  of  PC  process  that  complicates  the  problem  of  its  optimization. 

Also  the  presence  of  two  mechanisms  of  nonlinearity  (nonlinearity,  connected  with  gain 
saturation  and  thermal  nonlinearity)  is  the  important  feature  of  the  CO2  laser  gain  medium.  The 
cooperative  operation  of  these  two  types  of  nonlinearity  strongly  distinguished  on  response  time 
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creates  a  complicated  temporal  behaviour  of  DFWM.  An  amplification  of  mixing  waves  strongly 
affects  the  characteristics  of  this  process,  as  well. 

Further  we  shall  consider  the  theoretical  problems  in  detail  and  analyze  the  features  of 
temporal  behaviour  of  DFWM  in  the  active  medium  of  EBCD  CO2  laser. 

2.1.  Transient  theory  of  phase  conjugation  at  degenerate  four  -  wave  mixing. 

2.1.1.  Physical  mechanisms  of  PC. 

The  special  situation  takes  place  in  CO2  and  CO  lasers,  the  wavelengths  of  which  he  in  a  mid- 
JK  range.  The  situation  is  connected  with  a  limited  choice  of  the  suitable  media  for  PC  mirrors 
which  have  suflBcient  transparency  for  a  radiation  of  interacting  waves.  Stimulated  Brillouin 
scattering  (SBS)  is  not  realized  efficiently  for  this  reason  and  also  because  of  large  duration  of 
transient  period  in  the  mid-IR  range.  That  is  why  the  methods  of  PC  for  a  CO2  and  CO  laser 
radiation  are  based  on  DFWM.  Absorbing  gas  SF6,  some  hquids  (CS25  CCI4),  semiconductors 
(InSb,  GraAs,  Ge)  and  own  active  medium  can  be  used  as  the  nonlinear  media. 

An  optical  homogeneity  for  absorbing  substances  is  deteriorated  during  the  PC  process 
because  of  strong  heating  and  for  this  reason  PC  reflectivity  and  PC  optical  quahty  are  spoiled. 
Moreover  there  is  a  problem  of  chemical  stabihty  of  resonance  absorbing  media  under  the 
influence  of  intensive  laser  radiation.  Various  physical  mechanisms  of  nonlinearity  for  PC  are  used 
in  semiconductors  but  in  any  case  the  DFWM  process  is  accompamed  by  a  rather  high  absorptivity 
which  is  a  limitation  in  use  of  these  materials  for  high  power  repetitively  pulsed  laser  because  of 
destroing  a  nonlinear  medium. 

An  active  medium  of  laser  appears  to  be  the  most  suitable  nonlinear  medium  for  PC  of  a 
powerfiil  CO2  laser  radiation.  The  medium  does  have  rather  high  nonlinearity,  optical 
homogeneity  and  long  interaction  range.  All  these  conditions  can  give  rise  to  high  PC  efficiency  at 
DFWM.  Besides  methods  of  self-PC  at  DFWM  with  a  feed-back  are  realized  in  the  gain  media 
[26,  27],  that  can  solve  a  problem  of  creating  powerful  conjugated  waves. 

2.1.2.  Medium  nonlinearity. 

A  nonlinearity  of  a  laser  gain  connected  with  its  saturation  in  a  strong  radiation  field  takes 
place  in  inverted  CO2  as  in  any  laser  medium.  The  nonlinearity  of  a  real  part  of  a  dielectric 
constant  (refraction  index)  can  arise  at  a  radiation  frequency  detuning  from  a  center  of  a  laser 
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spectral  line.  However,  in  practice  only  a  nonlinearity  of  a  laser  gain  is  realized,  inasmuch  as 
frequency  detuning  is  usually  small  or  there  is  the  large  number  of  longitudinal  modes  of  lasing. 
The  frequencies  of  these  modes  are  equally  spaced  on  both  sides  of  the  center  of  a  laser  line  and 
consequently  their  contribution  to  a  nonlinearity  of  a  refraction  index  is  mutually  compensated.  A 
thermal  nonlinearity  takes  place  together  with  a  gain  nonlinearity  inside  active  medium  of  a  long 
pulse  (Tout  >llis)  CO2  laser.  The  physical  mechanism  can  be  expressed  by  the  following  scheme: 


5/t  deA- 


SQ*  'i'  ST'i'  — ^  Sp  5ft , 


where  dJ,  *3 ,  &2,  SQ,  ST,  Sp,  5n  are  variations  of  radiation  intensity,  average  quantum 
number  of  antisymmetric  and  deformational  vibrational  mode  of  a  CO2  molecule,  specific  heat 


Uberation,  temperature,  density  and  refraction  index.  Here  the  vertical  arrows  show  an  increase  or 
a  decrease  of  the  appropriate  values.  The  upper  set  of  variations  is  connected  with  laser  induced 
heating  of  the  active  medium  and  lower  one  concerns  to  its  cooling  by  a  laser  radiation.  Both 
ways  of  relaxation  of  vibrationally  exited  molecules  are  nonlinear  ones  with  respect  to  intensity  of 
a  radiation  but  have  a  different  response  time.  The  first  way  as  the  most  ‘Tast”  one  takes  place  in 
the  beginning  of  laser  pulse,  because  V  -  T  relaxation  rate  of  the  deformational  mode  is  much 
higher  as  compared  to  nonradiative  relaxation  rate  for  antisymmetric  mode. 

The  transient  amplitude  and  phase  gratings  which  are  due  to  gain  and  thermal  nonlinearity, 
respectively,  are  created  at  DFWM  process  in  the  own  active  CO2  laser  medium.  As  it  will  be 
theoretically  shown  below,  the  efficiency  of  the  thermal  mechanism  of  nonlinearity  strongly 
depends  on  pressure  of  laser  mixture.  Its  contribution  to  the  DFWM  process  becomes 
predominant  at  pressure  of  ~  1  atm. 


1.1  PC  reflectivity  calculation  methods. 


2.2. 1  DFWM  on  gain  nonlinearity  in  active  medium  of  EBCD  CO2  laser. 

In  general  case  the  gain  nonlinearity  of  the  laser  media  has  a  high  order  of  nonlinearity.  The 
cubic  nonlinearity  takes  place  at  weak  saturation  when  radiation  intensity  is  less  than  value  of 
saturation  one. 

The  theory  of  DFWM  in  the  laser  media  has  been  essentially  developed  in  [13],  where  authors 
consider  a  case  of  PC  for  weak  probe  wave  as  compared  to  pump  waves.  This  condition  ensures  a 
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cubic  nonlinearity  at  DFWM.  However,  the  model  of  the  gain  medium  was  very  simple  in  [13],  It 
was  two-level  and  nontransient  model.  The  theory  was  developed  in  [28-30]  to  take  into  account 


more  completely  properties  of  the  concrete  inverted  medium  at  DFWM,  particularly,  CO2  laser 
active  medium.  This  theory  is  foimded  on  solution  of  the  nontransient  and  transient  kinetic 
equations  together  with  the  nonlinear  Helmholtz  equation. 


Wave  mixing  in  a  medium  with  a  gain  nonlinearity. 


An  interference  of  a  signal  wave  with  two  conjugate  pumping  waves  lays  in  a  basis  of  DFWM. 
As  a  result  of  this  interaction,  standing  waves  of  intensity  at  degenerate  interaction  or  running 
waves  at  nondegenerate  one  arise  in  the  nonlinear  medium.  Further  we  shall  deal  with  the  case  of 
degenerate  DFWM. 

When  designating  pump  waves  through  E\  and  E2,  it  is  possible  to  write  expression  for  a  total 
intensity 

—  (Ei  +  £*2  £3  £4)  ”  Hsf  +  E j  •  (2.1) 

i=l  i  j 

itj 

The  theory  of  nonlinear  optics  is  based  on  a  parabohc  approximation.  Therefore  slow  complex 
amplitudes  a,-  are  introduced: 

Ej  =  ^ \aj exp(zro t +  i k + C.C^.  (2.2) 

We  shall  enter  the  denotations:  £»  =  £1  +  £2  and  A£  =  £3  +  £4.  According  to  a  condition 
|£3l,  1£4|<  |£i1,  |£2l  following  relation  for  a  gain  per  unit  of  length  takes  place 

«  =  «(|£oP)  + (2.3) 

where  (Ja  is  a  spatial  -  temporal  variation  of  a  gain,  caused  by  a  variation  of  intensity 

<5^^  =2(£o  A£).  (2.4) 

Here  the  tilde  designates  values  without  contaming  high-frequency  temporal  oscillations 
because  a  response  time  of  the  nonlinear  medium  is  much  more  than  a  period  of  the  oscillation. 

The  process  of  Bragg  scattering  on  transient  amphtude  gratings  aris^  in  laser  medium  is 
described  by  the  nonlinear  Helmholtz  equation 

V^£  +  A^£  +  //:aE  =  0,  (2.5) 

where  k  =  2  n/X\s  wave  number.  Let’s  assume  that  the  plane  signal  wave  is  propagated  along 
an  axis  z  with  a  coordinate  origin  on  a  front  edge  of  the  nonlinear  medium  and  the  pumping  waves 
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are  propagated  under  small  angle  9  to  an  axis  z.  Then  -kz',k^r  -  kz  and  for  a 
variation  of  intensity  bJ  =  where  |i=c/47t,  c  -  speed  of  hght,  we  obtain 

^  ^  exp(z^/)  +  Ai  exp(-z^2^)]  x  [«3  exp(tfe)  +  aj  exp(-tfe)]  +  C  c] ,  (2.6) 

where  Au  A2  are  the  maximum  values  of  pumping  wave  ampHtudes,  (po(t)  is  a  function 
defining  the  intensity  profile  of  these  waves. The  space  variation  of  intensity  &/  causes  a  variation 
of  medium  parameters  upon  which  laser  gain  depends.  For  CO2  laser  such  parameters  are  average 
vibrational  quantum  numbers  e\. 


Equations  for  nonlinear  medium. 


Let’s  consider  the  kinetic  equations  describing  the  balance  of  e\  in  each  vibrational  mode  of  a 


CO2  molecule 


d  r., 

_ _ 

dt  ^  ^  ^3  yi^hcoQ  ’ 


dt  NCy 


YiNTico^ 


+  Y  yN\fico2 


'IT 


-  +  /icy  Q  — 
^3^ 


Y \NA  2hcB  2  V 

QT  = - - 

4;r^Av  kgT 


( 


exp 


29, 


Tr  ) 


(2j+l)exp 


where  = - - -  (i=l,  2,  3);  IF  -  specific  mput  power;  ^27 

y  jNfico  2 


(2.7) 

(2.8) 

(2.9) 

(2,10) 

2|exp(Sty2/^)“l]  ^ 


,3  3 

=^3 -3^2  =500/:; /tty2  =960/:;  =  pTy =pTr  ^20m. 

m=l  w=l  m 

r,  Cy  are  pressure,  temperature  and  specific  heat  of  gas  mixture;  ym  is  relative  concentration  of 
gas  mixture  components;  K32m  >  K20in  are  relaxation  rate  of  antisymmetric  and  deformation  modes 
of  a  CO2  molecule;  S[ ,  Sv  are  relative  part  of  pumping  power  transmitted  into  various  vibrational 
modes  of  molecules  (CO2,  N2)  and  into  translational  and  rotational  degree  of  freedom;  N  is 
concentration  of  molecules;  J  is  radiation  intensity;  quantum  energy  of  laser 

transition  and  antisymmetric  mode;  A  is  Einstein  coefficient;  Av  is  a  spectral  width  of  a  laser  line; 
Z  is  vibrational  statistical  sum;  is  radiation  wavelength;  j  is  rotational  quantum  number;  B  is 
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rotational  constant;  h  is  Planck  constant;  ke  is  Boltzman  constant,  c  is  speed  of  light.  From  (2.7) 
(2. 10)  we  obtain 

J  -  « 


d  Sc'j 

-Se.-DV^Se.  = - ^ 

dt  ^  t. 


d  1  5e-,  5en 

—Se.-DV^Sej=3-^ - - 

dt  ^  ^  r 


Y^NfiOQ 

+ 


-6a  - 


Y^NhcDt 


-61, 


2J  „  2a 

Sa-\- — rn - aJ, 


(2.11) 

(2.12) 


.2 

here  D  is  diffusion  coeflBcient.  It  is  shown  in  [30]  that  the  diffusion  influences  on  PC 
reflectivity  at  DFWM  very  strongly.  Let’s  write  down  a  gain  (2. 10)  as  follows 


a  =  (7yyN(e2 


(2.13) 


where  cris  cross-section  of  laser  transition.  Then  the  variation  of  a  is  equal  to 


Sa  =  oy (214) 

Within  the  framework  of  the  selected  description  of  a  EBCD  CO2  laser  s  active  medium 
kinetics  expressions  (2.7)  -  (2. 13)  give  the  system  of  the  equations  for  a  nonlinear  medium  vsdiich 
are  solved  together  with  the  nonlinear  Helmholtz  equation  (2.5). 


Definition  of  intensity  variation. 


At  known  intensity  of  pumping  waves  J  (t)  —  J\  (t)  J2  (t)  a  solution  of  the  kinetic  equations 
allows  us  to  determine  coefficients  (time-dependent  in  a  general  case)  of  the  linear  equations 
system  (2. 1 1),  (2. 12)  and  (2. 14).  The  coefficients  in  the  linear  equations  for  variations  &3  and  dej 
having  been  defined,  it  is  required  to  find  solution  of  the  equations  system.  For  this  purpose  let  s 
select  standing  waves  of  intensity  with  identical  value  of  wave  numbers  q\  and  92  in  an  intensity 
variation  (2.6): 

&=(5J\+(6J\,  (2.15) 

(S/\  ^^^^^^^\^Ai(zyq)^(t)Al(z)e-s^--iq2r)-hA2{zy  }, 


qi  =^i -h,  h  =^2 -K  h  =-^2.  h  =-^4. 

.  ,,  .  (0]  -  ,,  .  f^-e) 

qi=2ksw{—  ,  q2=  2k sm -  , 

\2J  \  2  J 

A3  and  A4  are  the  maximum  value  of  03(1,  t)  and  04  (z,  /)  with  the  temporal  pulse  profile  of 


^^3(0  and  respectively,  0  is  the  angle  between  directions  of  propagation  for  the 

signal  and  the  first  pumping  waves.  Normally,  selected  angle  6  is  small  one  e  «  1.  Transient 
space  gratings  with  large  period  (large-scale)  and  small-scale  gratings  with  period  which  closes  to 
the  laser  wavelength  are  created  at  the  given  scheme  of  interaction  in  the  nonlinear  medium. 


A  coefficient  of  nonlinear  coupling  and  equations  for  coupled  waves. 


After  a  substitution  (2.15)  into  (2.11)  and  (2.12)  for  low  PC  reflectivities  R-Ja  /J3«1  we 
receive  following  system  in  parabolic  approximation: 

&3={&3),'(<»)i+(&3)2'(<S')2>  (2.16) 

*2  =(*2)1  (<5^)1 +(*2)2  ^2.  (2'’^ 

±(a:f  ^Dcfr(Sef  - ' 


,  (2.18) 


3(&3)/  (*2),'  ,  2J 


Y\J^0)q 

2aylq)o{t}^(P3(t) 


T21  Y\J^O)q 


(So).  =07iA^((^3).  -2e2{&2)i 


YiNHcoq 

(2.20) 


,  2.19) 


t  =  l;  2. 

Here  (p„,(t)  =  (p„,(t,z  =  0)txp{[^t)-a{0)]z],  m  =  0,  3. 

In  order  to  simplify  the  calculations  we  consider  the  gain  as  CX  =  CC ,  intensity  as  J=Ji+J2  and 


profiOie  of  a  radiation  pulse 


0) 


exp{ 

a(0)  -  a\ 

K}-i 

[a(0)  -  a\ 

|4 

(m  =  0,  3) 


as  independed  of  coordinate  z  {L„  is  interaction  length). 

Further  using  a  relation  See  =  (^)l  (^)2  taking  into  consideration 

that  the  gain  medium  response  time  is  much  more  than  period  of  high-firequency  oscillations  of 
interaction  waves  we  obtain  a  set  of  equations  for  slow  changed  amplitudes  of  coupled  waves 
from  the  nonlinear  Helmholtz  equation  (2.5)  in  Bragg  approximation: 


here  the  brackets  select  the  amphtudes  of  waves  wnting  down  the  gain  gratings  in  the  medium. 

Equations  based  on  full  kinetic  model  of  a  nonlinear  medium. 

The  usage  of  the  more  exact  description  of  a  laser  kinetics  (non-linearized  four-temperature 
kinetic  model)  does  not  call  any  serious  difficulties.  For  this  purpose  the  equations  (2.7)  -  (2.10) 
and  (2. 18)  -  (2.20)  are  substituted  by  following  ones; 


(2.25) 

J^e2=F2(^2.e,.et,J), 

(2.26) 

-^^2=ri{e2,e„J), 

(2.27) 

(2.28) 

«  =  Fo(e2,e3), 

(2.29) 

(2.30) 


(2.31) 


'  *S./Z77i./Z7?i. 


dl'  '■"  “  '  *"  *2 


4(&2)%i>.?(&2);  =|^(&3);  +|j-(&3);  p-32) 

(2.33) 

r  =  l;  2, 


F,(e,.e,)=P,' -^{e,-e,). 

'a 

,  .  '77^/  \  fs  ^ 

F,(e2.e3,e„J)=P, 

F2(ei,e^.j)  =  flUpi  +Pi  +3^-^"  ~^  +  2 


^■3  ^2 


2"r(«2.<!3)  =  ^ 


?iiyo  /s  ,  ^^2(^2  "^27-) 


^3 


+  2.7 


Y^N%coq) 

W{t)qT  . 
A^Cr/  ’ 


^o(^2’^3)=C^l^/l’ 
1  +  ^2 


/l  = 


^3 

(  0.5^2  1 

2“ 

1  +  63 

V 1  +  0.5^2  > 

(1  +  0.562)  (1  +  63) 

/3  =  63(1  +  0.562)^  -  (1  +  e3)(0.562)'  exp 


;  /2  = 


2(1  +  ^2) 

2  +  6^2  +  3^2 


^  ti 

no)Q 


(2.34) 


/4  solution  of  equation  set  for  coupled  waves  in  approximation  of 
constant  pumping  wave  amplitude. 

Let’s  consider  solutions  of  the  equations  for  coupled  waves  (2.21)  -  (2.24).  Within  the 
j&amework  of  the  approximation  accepted  for  weak  signal  and  PC  waves  as  compared  to  pumping 
waves  the  equations  (2.21)  and  (2.22)  take  a  simple  view 


(2.35) 


d  1  . 

—  fli--aai=0, 

dz  2 

d  1  . 

- a2 - CL  0-2  “ 

dz  2 


(2.36) 


Two  other  equations  (2.23)  and  (2.24)  because  of  complex  conjugation  of  pumping  waves  are 
reduced  to  the  following  form 


d 

—  a-i  - 

dz 


^a  +  ^{Sa\  |ai|"  hi 


|2  .  M 


ai  = 


{Sa)^  +{Sa). 


^2  ^4’ 


(2.37) 


- a. 


dz 


^a  +  f^{5a)^  \a^f  +"^^1  l^2| 


a^  = 


(Sa)^  +(da). 


«ll  F2I  ^3 


(2.38) 


r  f 

Inasmuch  as  nonlinear  coupling  parameters  (the  nonlinearity  parameters)  and  (^0^)2 


are  negative  ones  on  account  of  gain  saturation,  one  can  see  from  (2.37)  and  (2.38)  that  a  gain  for 
signal  and  PC  waves  is  less  then  usual  saturated  coefficient  a  (for  one  wave).  The  reason  of  such 
decrease  of  ampUfication  for  waves  and  E4  is  a  well  known  two-wave  interaction  on  own 
amphtude  grating.  As  a  result  of  the  interaction  the  weak  wave  is  weakened  for  the  benefit  of 
strong  one  (in  our  case  for  the  benefit  of  pumping  waves  [25,  31,  32]).  The  degree  of  reduction  of 
amplification  for  weak  waves  at  DFWM  depends  on  angle  between  the  wave  directions. 

The  expression  in  right  parts  of  (2.37)  and  (2.38)  describes  DFWM  process,  the  efficiency  of 
which  is  proportional  to  a  product  of  pumping  wave  intensities.  A  dependence  on  concrete 
conditions  of  creating  pumping  waves  for  various  values  of  |ai|,  \a2\  takes  place.  For  example,  for 

2 

exp(2  a  ,  where  Rout  is 

out 


intracavity  DFWM  (z)  •  J2  (^)  = 


K 


out 


T> 


reflectivity  of  an  output  mirror  of  a  laser  resonator,  Jout  is  radiation  intenaty  on  an  output  coupler 
of  the  resonator,  oc  is  average  value  of  a  laser  gain  on  interaction  length  L„.  If  the  intensity  of  the 
first  pumping  wave  is  given  at  z  =  0  and  second  at  z  =  then 


Ji  (z)  •  J2  (2)  =  ‘>'■1  (0)  •  -^2  (^«  )  exp(aL„  ) . 
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A  solution  for  the  two-level  model  of  a  nonlinear  medium. 


To  consider  DFWM  features  in  the  inverted  CO2  qualitatively  it  is  possible  to  use  a  two-level 
model  of  a  nonlinear  medium.  When  e^  »  62,  cx=  cryi  N  e^  and  instead  of  (2.7),  (2.8)  we  have 


d  tx  n  1  «y j  c 

—  a  =  — - —a, 

dt  T2  T2 


(2.39) 


where  f  is  saturation  intensity,  Oo  is  a  gain  for  a  weak  signal  wave. 

Corresponding  to  (2.39)  we  obtain  the  following  equation  for  a  variation  of  a  laser  gain: 

-Sa-DV^Sa  =  4\  +  A]±Sa - f-SJ.  (2,40) 

dt  \  JJ  T2  r^Js 


Further,  using  (2. 15)  we  obtain 


^{SaX' +  Dqf  (Sal' 


1  + 


J. 


(2.41) 


For  J  (t)  =  const  the  solution  of  (2.4 1 )  is  as  follows 

1 


(Sa).  =  — ^ exp(-t  /  r„. )  J a{t ')  exp(f '  /  (2-42) 


0 


where  r,./  =  Dqf  + 


1  + 


J 


V  JJ 


,  t  =  l,  2. 


'^2, 


It  follows  from  the  analysis  of  the  expression  (2.42),  that  the  parameter  of  nonlinear  coupling 

r 

{da^.  ,  which  determines  temporal  characteristics  of  a  reflected  signal,  strongly  depends  on 

initial  value  of  a{t),  that  is  a  gain  at  the  moment  of  a  DFWM  beginning.  To  confirm  this 
conclusion  it  is  enough  to  consider  two  special  cases  for  radiation  pulse  of  the  rectangular  form 
<Po{t)  and  ^(t):  when  cc(t=0)  =  0  and  when  a(t=0)  ^  0.  In  the  first  case  it  is  possible  to  suppose 
that  ^(0=  1,  ‘PsiO  -  1  and  the  time  of  nonlinear  parameter  increase  is  determined  by  the  response 


t 

time  of  the  nonlinear  medium  r  3 


- - - 7 .  The  second  case  represents  a  greater  interest 

(1+/M) 


from  the  point  of  view  of  DFWM  temporal  behavioiu:.  Inasmuch  as  exponential  parameters 
exp  {tl  Tri)  and  a{t)  in  the  equation  (2.42),  as  the  very  slow  functions,  can  be  taken  out  from  the 
integral  at  the  moment  of  fast  exponential  growth  of  ^t)  and  (p3{t),  the  parameters  of  nonlinear 


coupling  (^Soc^ .  in  many  respects  repeat  a  sharp  temporal  growth  of  initial  part  of  the  laser  pulse 
front. 

It  should  be  noted,  that  the  temporal  parameter  r  3  characterizes  a  response  time  of  a  gain  a 
when  laser  radiation  having  intensity  J  (2.39).  Therefore  the  value  of  1/ r  3  together  with  a  rate  of 

diffusion  =  Dqf  characterizes  a  resulting  rate  of  amplitude  grating  formation  (2.41). 

Let’s  note  that  the  rate  of  ampUtude  gratiug  decay  at  absence  of  laser  radiation  (which 
determined  by  difiusion  and  relaxation  rate  I/T3)  appears  to  be  less  than  the  rate  of  their  formation 
because  of  influence  of  light  intensity  on  response  time  of  nonlinear  medium.  Therefore,  if  a 
record  of  amplitude  grating  is  stopped  by  a  fast  turn  of  polarization  of  one  of  two  waves  E\  or  E3, 

its  decay  takes  place  with  the  same  rate  as  a  record  one  (because  laser  radiation  is  in  the 
medium). 

The  numerical  calculations,  results  of  which  are  presented  below,  display  more  precisely 
temporal  behaviour  of  a  PC  radiation  and  also  reflect  the  features  of  a  PC  signal  and  parameter  of 
nonlinear  coupling  discussed  above. 

For  nontransient  DFWM  it  follows  from  (2.41)  that 

(2.43) 

An  amplification  of  mixing  waves  in  nonlinear  medium. 

Let’s  suppose  that  the  diSusion  does  not  take  place  (Z)  =  0)  and  total  intensity  J=J\  (z)  +^2(2) 
does  not  depend  on  coordinate  z.  In  this  case  the  solution  of  the  equations  (2.23),  (2.24)  for 
slowly  varying  amplitudes  of  the  signal  and  PC  waves  can  be  easily  found  .  It  precisely  coincides 
with  a  well  known  result  obtained  in  [13].  In  this  case  idealized  for  gas  lasers,  the  signal  and  PC 
waves  would  have  a  following  gain 

<^0 _ “0  (2  44) 

Actually,  the  gain  a  for  E^  and  E^  can  be  many  times  higher  on  account  of  dififiision.  As  a 
matter  of  fact,  let’s  consider  practically  important  case  of  a  small  interaction  angle  {$«  1).  Then 
the  small-scale  gratings  appear  to  be  strongly  weakened  by  a  difrusion  of  a  vibrationally  exited 

t  ! 

CO2  molecules  and  consequently  .  As  a  result  we  have  for  E3 

1  6 


a  =  ^{ 
^  0 


1 


1+ 


Jl  +^2  2 

J. 


^  ^  {A  +  Ji) 


A 


dz,  (2.45) 


and  for  £4 


a  =  ^f 


1  1  AlA 


1+ 


J1  +  J2  2 


A 


,  {A+A) 


A 


dz.  (2.46) 


Thus,  the  dififiision  weakening  the  amphtude  gratings  reduces  DFWM  efBciency  on  the  one 
hand.  On  the  other  hand  it  increases  an  amplification  of  the  probe  and  PC  waves  by  reducing  the 
two-wave  interaction  of  the  waves. 

For  the  CO2  laser  gain  medium  typical  DFWM  reflectivity  is  low  R«l.  Therefore 
approximation  of  a  constant  field  of  a  signal  wave  laa]  »  \aj\  is  appHcable 


=  <23(0)  exp  j  a^dz 

^0  ^ 


aAQ)-aAz)  =  -^J]^J2  •0(3(0) exp  -\a^dz' 
2  VO- 


dz' 


(2.47) 


exp  +  cx^yiz" 

0  VO 

4JA2  =  Jo  exp(aL„),  Jq  =  ->^1(0)’  J\  =  exp(<^),  ^2=^0  exp(2<zL„  -  az). 

—  1  -  1 

If  we  take  «3  «  —  J  a^dz,  «4  «  —  J  a^dz  we  have  fi-om  (2.47) 

0  0 

^4(0)«'^‘^oexp[(a-a4)4](^a)j  ^  j  "1  ■..^*(0).  (2.48) 

Z  (X  2  4 


A  nontransient  solution  for  a  coefficient  of  nonlinear  coupling. 


t 

The  parameter  of  nonlinear  coupling  {Sa)^  ,  which  depends  on  time  for  transient  and  quasi¬ 
stationary  modes  of  laser  operation,  is  calculated  from  the  solution  of  the  equations  obtained 
above  and  in  general  case  can  be  found  numerically.  At  a  steady  state  mode,  when  the  transient 

f 

processes  are  finished,  as  aheady  was  mentioned  above,  analytical  solution  for  is 

obtained.  It  looks  absolutely  simple  for  a  two-level  model  of  the  medium: 
a^cTTiNe^, 

«o 


a  = 


i+j/j,’ 


a, 


(I + j/j.Y 


j. 


(2.49) 


= 

aA  =-< 


a  - 


1 

«o 

•^i(0)r 

+ JjJ.f 

ccL„  ^ 

1 

«0 

■'iWr. 

^{1 

+JIJ,f 

aL„ 

[exp(aL„)  - 1] 


For  a  more  exact  nontransient  model  of  a  kinetics  of  a  CO2  laser  medium  in  the  form  of 

r 

linearized  equations  (2.7),  (2.8)  the  nonlinear  parameter  (Scc^^  is  also  calculated  analytically 
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It  is  necessary  to  notice  that  the  nontransient  solution  describes  a  quasi-stationary  fairly  slow 
change  of  the  gain  nonlinear  medium  parameters  in  time  which  connects  with  temperature  growth 
of  laser  mixture  during  a  radiation  pulse 

72  =  T2  (7),  73  =  T3  (7),  0-=  (T(7),  D  =  £»  (7). 

PC  reflectivity  at  DFWM  on  gain  nonlinearity. 


Thus,  the  PC  reflectivity  can  be  calculated  by  the  formula 


a  =  cry^Ne^, 
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The  parameter  of  nonlinear  coupling,  in  a  general  case,  is  obtained  from  the  niunerical  solution 
of  (2.25)  -  (2.34). 

For  a  nontransient  DFWM  on  ampUtude  grating  there  is  a  possibihty  to  approximate  analytical 
calculation  for  (^Ct)  j  with  the  simpler  and  less  exact  two-level  model  of  the  CO2  laser  medium 

(2.49)  (the  expression  for  R  is  demonstrated  above)  or  with  more  exact  model  taking  into 
consideration  a  population  of  a  lower  laser  level  (2.50).  In  both  cases  an  average  small  signal  gain 
Ob,  an  intensity  of  saturation  Js  and  relaxation  time  73,  intensity  of  a  pumping  wave  at  an  input  of 
interaction  region  and  a  length  of  this  region  L„  are  used  as  original  parameters. 


2.2.2  DFWM  on  phase  thermal  gratings  in  the  active  medium  of  a  EBCD  CO2  laser. 

The  dependence  of  heat  liberation  in  CO2  laser  active  medium  on  radiation  intensity  is  due  to 
two  physical  reasons:  a  laser  induced  heating  of  gas  mixture  owing  to  increase  of  heat  liberation 
rate  in  a  field  of  a  laser  radiation  and  a  removal  of  energy  by  a  laser  radiation  (laser  induced 
cooling).  In  other  words  there  are  two  nonlinear  heat  liberation  channels.  The  first  of  them  is 
connected  with  stimulated  transitions  of  vibrationally  exited  CO2  molecules  from  a  upper  laser 
level  down  to  lower  one  with  consequent  fast  V-T  relaxation  of  deformational  mode.  The  second 
heat  hberation  channel  is  connected  with  nonradiative  V-T  relaxation  of  a  upper  laser  level,  its 
population  depending  on  radiation  intensity. 


A  specific  power  of  heat  liberation. 


Quasi-stationary  approximation  of  a  population  for  a  lower  laser  level  lies  in  a  basis  of  the 
analytical  theory  of  DFWM  on  thermal  nonlinearity  as  well  as  in  explanation  of  other  effects  of 
thermal  laser  self-action  in  CO2  laser  gain  medium.  The  approximation  takes  into  account  hi^  V- 

T  relaxation  rate  of  deformational  mode.  When  using  a  condition  —  ^2  =  0  for  the  constant 

at 

radiation  intensity  and  parameters  of  the  medium  and  input  energy,  the  expression  for  specific  heat 
hberation  power  can  be  found  fi:om  the  linearized  kinetics  equations  (2,7)  -  (2.9) 


^  '  V  <93  0)2  J  ^  ^3^ 


+—s.w\ 


-r"  — 
7-3  - 


\  u/  3  u/  3 

I  r  ^ 

1  -  expl 


t 


(2.51) 


^3  = 


^3 


COrtT 


3^3 


1+ 0)lJ  j(o)2Jsy  l  +  *^Ms'  ^ 


a(0)  is  a  laser  gain  at  /  =  0,  which  in  case  of  lasing,  is  equal  to  threshold  value  CX  , 
ho)i  ^2ho)2y  ho)^  are  vibrational  quantum  energy  of  symmetric,  deformational  and 

antisymmetric  modes  of  a  CO2  molecule. 


Two  types  of  nonlinear  heat  liberation. 


Let’s  consider  nonhnear  heat  hberation  for  two  characteristic  temporal  intervals: 


20 


(2.52) 


0) 


Qn  =  —  a{o)j  +  —aoJ—-, 
(Oc,  ^  '  cOr,  r. 


0 


t>T^, 

\  +  CO^jl{o}^J^)G)r 


Q'n  = 


1  +  JIJ, 


<0, 


(2.53) 


Q)-,  .  .  .  .  js  1 

where  - (^Q'^s  =^3^-  ft  follows  from  this  equations,  that  in  the  beginning  of  pulse 

0)q 

{t  <r'i)  laser  induced  heating  of  the  active  medium  predominates,  i.e.  the  specific  heat  liberation 

rate  increases  in  a  field  of  a  laser  radiation.  When  t  >  t's  the  heating  goes  on  second  channel  (see 
chapter  2.1.2).  Thus  the  duration  of  the  process  of  laser  induced  heating  depends  on  intensity  of  a 
laser  radiation  and  is  reduced  with  its  growth. 

It  is  necessary  to  notice,  that  in  [19,  33]  laser  induced  heating  (2.52)  only  was  taken  into 

r, 

consideration.  At  duration  of  laser  pulse  (  T  „  > - ; —  )  that  fact  leads  to  an  essential  error  of 

P  1  +  J/ J3 

calculations  for  thermal  self-action,  including  DFWM.  Therefore  it  is  important  to  take  into 
account  two  mechanisms  of  thermal  nonlinearity,  which  are  analytically  described  by  the 
approximate  formula  (2.51).  Nonlinearity  Q  (J,  t),  in  a  general  case  has  the  high  order  of 
nonlinearity. 


A  thermal  nonlinearity  of  CO2  laser  active  medium. 


At  the  DFWM  process,  when  J\ ,  J2  »  f the  space  modulation  of  intensity  (2.6)  is  small 
in  comparison  with  intensity  of  pumping  waves.  Therefore  it  causes  a  space  variation  of  specific 
heat  Hberation  power  which  corresponds  to  a  cubic  nonlinearity 

sQ'  =  4;Q'^-  P.54) 

aJ 

In  turn,  spatially  modulated  heat  liberation  causes  the  space  modulation  of  temperature  and, 
respectively,  the  density  of  the  medium,  upon  which  an  index  of  refraction  5n—  kg  5p  (where  kg 
is  Gladstone  -  Dale  coefficient)  depends.  The  set  of  these  physical  processes  is  described  by  a  set 
of  hydrodynamics  and  heat  conductivity  equations  : 
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^Sp-  vlv^Sp  -  rv^  4rSp= vl^\Ppsr\  (2.55) 
-ST- = 

dt  Pp  dt  pCy 


where  Vs  is  a  sound  speed,  r=  (t|+4ti'/3)/p,  t|,  t]'  are  shift  and  volumetric  coefficients  of 
viscosity,  is  a  temperature  coefficient  of  a  volumetric  extension,  y  =  CpICv,  ^  temperature 
conductivity.  The  set  of  equations  (2.55),  (2.56)  has  characteristic  times  of  transition  of  acoustic 
ta  and  temperature  tt  perturbations  (r^  «  vr.)  to  a  steady  state.  Therefore  at  t<TA  temperature 
conductivity  in  (2.56)  can  be  ignored  and  then  for  a  variation  of  density  it  is  possible  to  write  out 
the  following  equation 


^Sp-  yvlv^Sp  -  rv^  —Sp  = 


-v^V^ 


\5Q^dt  .  (2.57) 


For  t  »r^,  when  acoustic  perturbations  reach  a  steady  state,  the  equation  (2.55)  transforms  to 
following  one: 


-y^Sp  +  x'^'‘Sp  =  -^SQ'.  (2.58) 

at  y^y 


dQ 

Let’s  pay  attention  to  the  fact,  that  in  equation  (2.54)  the  parameter  can  be  formally 

of 

considered  as  a  coefficient  of  an  absorption,  though  with  alternating  signs  and  depending  upon 

dQ'  .  ,  .  ^ 

intensity  of  pumping  waves  and  time.  The  calculation  of  having  been  done,  we  obtain  ftom 
(2.51): 
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The  PC  reflectivity  at  DFWM  on  thermal  nonlinearity  of  the  CO2  active  medium  is  calculated 
as  well  as  in  the  media  with  an  usual  linear  absorption  [16,  34,  35],  However,  such  possibility 
takes  place  only  for  a  simplified  model  of  a  kinetics,  within  the  framework  of  which  equation 
(2.59)  is  obtained.  Therefore,  m  a  general  case,  it  is  necessary  to  apply  numerical  calculations. 


A  definition  of  medium  density  variation  (a  coefficient  of  nonlinear  coupling). 


At  first,  let’s  consider  analytical  approximate  solution.  One  can  see  firom  (2.59),  that  in  the 
beginning  of  laser  pulse  at  t  <  r'3  laser  induced  heating  of  the  medium,  described  by  a  positive 
coefficient  of  a  “absorption”  takes  place 


—  =  (2.60) 

df  coq 

Let’s  remark,  that  a  thermal  nonlinearity  of  the  CO2  active  medium  in  such  form  was  taken 
into  account  in  [19,  33].  At  duration  of  pulse  t>  v'3  the  second  mechanism  of  thermal  nonlinearity 
appears,  which  reduces  a  heat  hberation 


—  Q’= - — . 

^  J I 

A  solution  of  the  equation  (2.57)  allows  us  to  find  a  time-history  of  a  density  variation  growth, 
connected  with  a  finite  speed  of  an  acoustic  perturbation  propagation,  attenuation  of  5p  being 
taken  into  account  here,  that  can  play  an  essential  role. 

As  well  as  in  case  of  amplitude  gratings,  we  present  a  variation  of  intensity  5J  as  (2. 15).  Then 
the  variation  of  specific  heat  liberation  power  is  written  as 
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(2.62) 


Afl:er  a  substitution  (2.62)  to  (2.58)  and  (2.59)  taking  into  consideration  a  rather  slow  change 
of  density  variation  amphtudes,  temperature  and  SQ'  in  space  we  obtain 
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Further  let’s  assume  =1,  (pi(t)  =1.  Then  (2.63)  has  a  solution  of  following  sort 
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A  case  of  a  quasistationary  DFWM  mode  at  ?  >  j  represents  a  practical 

interest.  In  this  case  the  expression  for  (Sp)'i  is  obtained  from  (2.64) 
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Equations  for  coupled  waves. 

For  obtaining  the  equations,  describing  interaction  of  waves  at  DFWM  on  phase  gratings,  we 
use  a  nonlinear  Helmholtz  equation  of  the  following  sort 


+  \  +  ^\E  +  ikaE  =  0.  (2.68) 


Taking  into  consideration  (2.15)  and  (2.54),  we  receive  from  (2.67)  the  equations  for  slow 
ampUtudes  of  interacting  waves  in  approximation  of  given  pumping  condition. 
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PC  reflectivity  at  DFWM  on  thermal  nonlinearity. 


Assuming  PC  reflectivity  has  a  small  value  /? «  1  we  have  fi'om  (2.71) 
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For  better  understanding  we  duplicate  the  expression  of  (Sn)'i  for  the  case  of  quasi-stationary 
DFWM: 
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Approximate  analytical  solutions  obtained  for  parameters  of  nonlinear  coupling  (Sn)'i  allow  to 
find  not  only  PC  reflectivity  R  and  its  temporal  behavior,  but  also  make  it  easy  to  analyze  a 
dependence  of  R  on  main  parameters  of  the  laser  medium.  As  well  as  in  the  case  of  gain 

nonlinearity,  a  degree  of  gain  saturation  J/Js  and  thermal  grating  relaxation  time  ^ 

important  parameters  which  influences  on  time-history  and  efficiency  of  DFWM.  In  comparison 
with  a  gain  nonlinearity  relative  large  response  time  and  strong  (quadratic)  dependence  on  gas 
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mixture  pressure  are  essential  features  of  a  thermal  nonlinearity.  It  takes  place  because  PC 
reflectivity  R  has  a  maximum  at  a  defined  value  of  JUs,  and  the  intensity  of  saturation  stron^y 
depends  on  pressure.  The  decrease  of  Js  with  lowering  of  pressure  is  not  compensated  by  a 
growth  of  the  parameter  of  nonlinearity,  as  it  happens  at  DFWM  on  amplitude  grating. 

As  the  general  DFWM  feamre  in  a  gain  gas  medium  it  should  be  noted  a  positive  mfluence  of 
mixing  wave  amplification  process  on  DFWM  efficiency,  rather  long  interaction  length  and  high 
optical  quahty  of  the  nonlinear  medium. 

Equations  based  on  a  full  kinetic  model  of  a  nonlinear  medium. 


Let’s  pass  now  to  a  presentation  of  the  numerical  theory  of  DFWM  on  thermal  nonlinearity  in 
the  CO2  active  medium.  For  more  exact  accoimt  of  the  DFWM  power  characteristics  on  the  basis 
of  a  full  kinetic  models  we  write  down  the  equations  (2.25)  -  (2.30)  in  the  following  form  [36] 
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Q'  =  Q’(e2,e^,T,p). 
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The  appropriate  equations  for  variations  are  as  follows 
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The  variable  in  time  coefiBcients  of  a  nonlinear  set  of  equations  are  obtained  from  the 
numerical  solution  of  the  kinetic  equations  (2.74)  -  (2.79).  For  a  calculation  of  a  temporal  profile 
of  the  pumping  wave  mside  a  laser  resonator  the  equation  system  is  supplemented  by  the  equation 
for  a  laser  intensity. 

2.3.  An  influence  of  medium  parameters  on  PC  reflectivity  at  DFWM  of  CO2  laser 
radiation. 

In  order  to  get  data  for  DFWM  efficiency  in  the  own  active  medium  of  EBCD  CO2  laser 
numerical  calculations  on  the  basis  of  the  full  mathematical  model  for  amphtude  and  phase 
transient  gratings  (2.25)  -  (2.34),  (2.48),  (2.74)  -  (2.86),  (2.73)  were  carried  out.  The  main 
parameters  of  the  pulsed  EBCD  CO2  laser  corresponded  to  laser  setup  described  in  Part  3. 

In  order  to  emphasize  the  main  features  of  DFWM  time-history  we  used  a  rectangular  shape 
of  laser  radiation  and  input  power  pulses  as  a  first  step  of  the  calculation. 

A  small  signal  gain  calculated  for  rectangular  pulse  of  specific  input  power  is  shown  in 
Fig.  2.1.  Time  behaviour  of  PC  signal  intensity  for  DFWM  at  gain  and  thermal  nonlinearity  is 
represented  in  Fig.  2.2  for  different  intensities  of  probe  and  pump  waves  and  also  for  different 
time  delays  Tshift  between  the  beginning  of  input  energy  pulse  and  pulse  of  a  radiation.  Alongside 
with  intensity  of  mixing  waves  time  delay  Tshifi  is  also  the  important  parameter  strongly  mfluencing 
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on  DFWM  features,  because  the  time  delay  determines  an  initial  value  of  a  gain.  It  can  be  seen 
from  dependencies  of  Fig.  2.2.  At  a  suflBcient  intensity  of  mixing  waves  a  PC  signal  has  a  strong 
spike  in  a  transient  part  owing  to  gain  nonlinearity.  Its  relative  amplitude  depends  on  intensity  of 
waves  and  diBference  between  nonsaturated  (initial  value)  and  saturated  gain  (see  Fig.  2.3).  At 
rather  low  intensities  {J«Js)  such  feature  of  a  PC  signal  profile  does  not  take  place  because  a 
saturation  of  an  amplification  is  small  and  the  relaxation  processes  have  time  to  smooth  PC 
intensity  pulse  in  a  transient  part.  The  spike  of  a  PC  signal,  which  is  characteristic  of  a  gain 
nonlinearity,  is  not  observed  also  at  a  zero  time  delay,  because  DFWM  begins  at  the  beginning  of 
a  laser  input  pulse.  And  the  change  of  the  gain  a  during  transient  period  is  not  significant. 
DFWM  temporal  behaviour  in  this  case  is  determined  by  characteristic  response  time  of  a 


nonlinear  medium 


^3  = 


1  +  J/J, 


(for  dependencies  of  Fig.  2.2  (all"Cl3)  Ts  «  45  |is, 


Js  «20  kW/cm^).  When  pressure  of  laser  mixture  increasing,  vibrational  relaxation  time  of  CO2 
molecule  decreases  and,  as  a  consequence,  a  duration  of  transient  period  is  reduced  proportionally 
to  pressure. 

All  features  of  DFWM  on  gain  nonlinearity  mentioned  above  can  be  obtained  from  the 

/2 

analysis  of  the  formula  (2.42)  for  coeflBcient  of  nonlinear  coupling  (because  <74^  (Scc^  /  ).  For 

short  period  of  time  it  is  possible  to  neglect  an  influence  of  exponential  factors  under  an  integral  in 
formula  (2.42)  and,  if  consider  the  form  of  radiation  pulse  as  being  strictly  rectangular,  the 
coeflBcient  of  nonlinear  coupling  has  values  much  more  higher  than  for  nontransient  one.  The 
value  is  proportional  to  the  diBference  of  a(0)-a(t).  Just  this  residual  gain  determines  a  character 
of  time-history  of  PC  signal  on  the  initial  stage  of  development  of  the  DFWM  process. 

It  should  be  noted,  that  for  intracavity  DFWM  method  ishift  is  connected  with  the  beginning  of 
laser  pulse  and  initial  value  of  a(0)  is  equal  to  a  threshold  value. 

The  dependencies  shown  in  Fig.  2.2  demonstrate,  that  the  transient  stage  of  DFWM  on 
amplitude  grating  is  reduced,  firstly,  with  increase  of  an  initial  gain,  which  is  varied  by  increase  of 
radiation  pulse  delay  in  relation  to  the  beginning  of  input  power  pulse,  and  secondly,  with  a 
growth  of  an  intensity  of  pumping  waves.  Such  behaviour  is  observed  at  pressure  of  laser  mixture 
p=0.28  atm  and  p=l  atm.  At  some  values  of  an  initial  gain  and  intensity  pf  pumping  waves  the 
profile  of  PC  puke  front  is  almost  the  same,  as  for  a  pumping  wave  or-  signal  wave  puke  (it  k 
supposed,  that  signal  and  pumping  waves  pukes  have  the  identical  profile). 

In  Tab.  2.2  the  data  for  PC  reflectivity  (on  intensity  and  on  energy)  and  intensity  of  PC  signal 
for  different  types  of  nonlinearity,  corresponding  to  dependencies  of  Fig.  2.2  are  represented. 
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From  the  analysis  of  the  data  one  can  see,  that  the  PC  reflectivity  has  a  maximum  on  intensity, 
which  corresponds  to  a  value  of  y«/s.  The  influence  of  time  delay  appears  to  he  the  most  strong 
for  gain  nonlinearity,  especially  for  peak  values  of  and  R.  It  is  necessary  to  notice,  that  at  higher 
pressure  of  laser  mixture  the  influence  of  thermal  nonlinearity  increases.  This  mfluence  is  reflected 
both  in  DFWM  time  behaviour  and  in  the  value  of  PC  reflectivity,  the  latter  reaching  the  value  of 
~  1.  The  PC  reflectivity  on  amphtude  grating  is  changed  poorly  with  a  growth  of  pressure.  It 
should  be  noted,  that  at  values  of  R>  0.5,  the  numerical  model  described  can  lead  to  substantial 
errors. 

All  features  of  DFWM  temporal  behaviour,  mentioned  above,  take  place  in  case  of  PC  for 
CO2  laser  radiation  pulses  of  a  real  (experimentally  measured)  temporal  profile.  The  dependencies 
of  PC  signal  intensity  calculated  for  real  experimental  conditions  (described  in  Part  3),  for  various 
types  of  nonlinearity  are  presented  in  Fig.  2.4  and  Fig.  2.5.  The  mfluence  of  laser  mixture  pressure 
on  DFWM  parameters  and  its  temporal  behaviour  is  obtained  from  the  analysis  of  dependencies  in 
Fig.  2.6  and  Fig.  2.7. 

In  general,  the  transient  theory  of  DFWM  on  amphtude  and  phase  gratings  in  the  own  CO2 
active  laser  medium  completely  describes  main  features  of  this  process  and  allows  to  receive 
quantitative  data  for  estimation  and  optimization  of  PC  reflectivity. 

2.4.  Conclusions. 

1.  Theoretical  research  of  DFWM  in  own  EBCD  CO2  laser  active  medium  has  allowed  to 
define  temporal  behaviour  of  PC  wave  intensity  and  PC  reflectivity  separately  on  transient  gain 
(amphtude)  and  thermal  (phase)  gratings,  that  is  very  important  for  a  study  of  properties  of  these 
comphcated  physical  processes  of  hght  waves  interaction. 

2.  The  numerical  calculations  have  confirmed  the  assumption  that  the  gain  nonlinearity 
response  time  can  be  very  low,  and  it  decreases  with  a  growth  of  the  interacted  waves  intensity 
and  strongly  depends  on  initial  (at  the  moment  of  DFWM  beginniag)  inversion,  ie.  initial  gain. 

3.  The  thermal  mechanism  of  nonlinearity  caused  by  two  channels  of  nonlinear  heat  hberation 
(by  laser  induced  heating  and  by  laser  induced  cooling),  as  more  inertial  one  gives  the  largest 
contribution  to  DFWM  for  the  rear  part  of  a  laser  pulse. 

4.  Calculations  have  shown,  that  for  DFWM  process  of  relatively  long  pulses  of  radiation  a 
diffusion  of  vibrationally  exited  CO2  is  very  important.  On  the  one  hand,  it  reduces  PC  reflectivity 
due  to  small-scale  amphtude  grating  depressing,  and  on  the  other  hand  increases  an  amplification 
of  probe  and  PC  waves.  It  takes  place,  because  due  to  diffusion,  a  two-wave  interaction  decreases. 
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causing  decreasing  weak  waves  for  the  benefit  of  strong  pumping  waves  because  of  their 
diffraction  on  own  amplitude  gratings,. 

5.  As  a  result  of  numerical  calculations  it  is  found,  that  the  action  time  of  operation  of  the  first 
nonlinear  heat  liberation  mechanism,  connected  with  laser  induced  heating  of  the  medium,  is 
reduced  with  a  growth  of  the  pumping  waves  intensity,  and  duration  of  second  one,  stimulated  by 
laser  cooling,  grows,  on  the  contrary. 

6.  A  usual  amplification  of  all  four  interacting  waves  and  a  temporal  change  of  saturated  gain 
affected  a  value  of  PC  reflectivity  and  its  temporal  behaviour  substantially. 

7.  The  amplitudes  of  phase  and  amphtude  gratings,  and,  accordingly,  PC  reflectivity  reach  a 

maximum  when  saturated  gain  being,  a  «  0.5ao. 

8.  The  results  of  numerical  computations  are  in  a  fairly  good  agreement  with  temporal  profiles 
of  PC  wave  intensity  pulses  (see  Part  3). 

9.  Maximal  discrepancy  between  theoretical  and  experimental  data  (see  Part  3)  was  observed 
at  high  input  energies  or  at  high  Q-factor,  which  was  varied  by  changing  output  mirror  reflectivity. 
Probably,  in  these  cases  the  additional  factors  which  are  not  taken  into  accoxmt  by  theoretical 
model  take  place  in  experiment.  These  factors  depresses  DFWM  efficiency  and  for  their  study 
additional  researches  are  required. 


ao ,  cm‘^ 


Fig.  2. 1.  Temporal  profile  of  small  signal  gain  calculated  for  rectangular  profile  of 
specific  input  power. 

Active  medium  parameters: 

Gas  mixture  CO2  :  N2  :  He  =  1  :  2  :  4; 


Pressure  -  0.28  atm  ( -  ), 

- 1  atm  ( .  ); 


Initial  temperature  -  300  K; 

Specific  input  energy  -  120  J/1-  atm; 
Input  power  pulse  duration  -  20  ps. 
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-  calculation  for  DFWM  at  gain  nonlinearity 

-  calculation  for  DFWM  at  thermal  nonlinearity 


Fig.  2.2. 

Theoretical  dependencies  of  signal  intensity  on  time  for  rectangular  profile  of  the  probe, 
pumping  and  input  power  pulses.  Influence  of  different  parameters  (intensity  of  probe  wave 
Jjo,  time  delay  of  probe  pulse  relative  to  the  begmmg  of  the  input  power  pulse  Tshift, 
pressure  p)  on  time-behaviour  of  DFWM  was  taking  into  consideration.  A  numbering  of  the 
curves  versus  intensity  of  probe  pulse  0  (kW/cm^ )  and  time  delay  of  probe  pulse  Xs  hi  f  t  (its) 
are  presented  in  Tab.  2.1.  The  values  of  PC  reflectivity  and  peak  intensity  of  PC  signal  for 
different  types  of  nonlinearity  are  presented  in  Tab.  2.2. 


Tab.  2.1. 
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Fig.  2.2  (a  1.2  -  c  1.2,  a  1.3- c  1.3). 
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-  calculation  for  DFWM  at  gain  nonlinearity 

-  calculation  for  DFWM  at  thermal  nonlinearity 


Fig.  2.2  (a  2. 1  -  c  2. 1,  a  2.2  -  c  2.2). 
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-  calculation  for  DFWM  at  gain  nonlinearity 

-  calculation  for  DFWM  at  thermal  nonlinearity 


Fig.  2.2  (a  2.3  -  c  2.3). 
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Fig.  2.3. 

Time-history  of  the  saturated  gain  for  different  values  of  laser  mixture  pressure  (a  -  0.28  atm, 
b  -  1  atm).  Calculation  of  the  dependences  is  made  for  parameters  and  conditions  used  for 
building  of  curves  in  Fig.  2.2  (a  1.2  -  c  1.2,  a  2.2  -  c  2.2). 


_  -  120  J/l-atm 

. -  190  J/l-atm 

_ _  -  280  J/l-atm 

Fig.  2.4. 

Temporal  profile  of  small  signal  gain  calculated  for  different  values  of  specific  input  energy. 

A  real  experimentally  measured  time-history  of  specific  input  power  was  used  in  the  calculations 


,arb.  un.  al  J4  ,arb.  un.  a2 


t,  |iS  t,  iis 


-  for  DFWM  at  thermal  nonlinearity 

-  .for  DFWM  at  gain  nonlinearity 

-  -  total 

Fig.  2.5. 

Temporal  profiles  of  PC  pulses  calculated  for  two  various  laser  output  mirror  (1  -  65%,  2  -  7.5%) 
and  different  values  of  specific  input  energy  (a  -  120  J/l-atm,  b  -  190  J/l-atm,  c  -  280  J/l*atm). 

PC  reflectivity  and  peak  intensity  of  PC  signal  calculated  for  different  types  of  nonlinearity  are  pre¬ 
sented  in  Tab.  2.3.  The  values  of  main  parameters  used  in  calculations  are  listed  in  the  same  table. 
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-  for  DFWM  at  gain  nonlinearity 

-  for  DFWM  at  thermal  nonlinearity 

-  total  curve 


Fig.  2.6. 

Temporal  profile  of  intensity  of  PC  signal  calculated  for  different  values  of  laser  mixture  pressure, 
a  -  0.28  atm, 
b  -  0.42  atm, 
c  -  0.56  atm, 
d-0.8  atm. 

The  real  experimental  conditions  described  in  Part  3  are  used  for  calculations.  The  values  of 
intensity  of  PC  signal  and  PC  reflectivity  are  presented  in  Tab.  2.4,  also  main  parameters  used  for 
calculation  of  dependencies  in  Fig.  2.6  are  listed  in  it. 
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Fig.  2.7. 

Calculated  PC  reflectivity  (on  energy)  versus  gas  mixture  pressure.  The  main  parameters  used  for 
calculations  are  listed  in  Tab.  2.4. 


Tab.  2.2.  (with  graphic  illustrations) 

Active  medium  parameters  and  DFWM  conditions: 

Gas  mixture  CO2 ;  N2  i  He  =1:2:4.  Initial  temperature  -  300  K. 

Specific  input  energy  -  120  J/l*atm.  Input  power  pulse  duration  -  20  ps. 

Interaction  length  -  70  cm.  Relaxation  time  of  thermal  grating  -  70  ^is  (p  =  0.28  atm). 
Intensity  ratio  for  probe  and  pumping  waves  {Jso!  )  -  0. 1. 

a).  PC  reflectivity  (on  energy)  Rea^E^a/Eso  (%)  for  DFWM  at  gain  nonlinearity 

0.28  atm  p=  J,a^^ - 


5 


7t 


Jso,  kW W 


J30,  kW/cm 


b).  PC  reflectivity  (on  energy)  Ret^E^/Eso  (%)  for  DFWM  at  thermal  nonlinearity 
n  =  0.28  atm  p  =  1  atm _ 
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Tab.  2.2.  (continuation) 

c).  PC  intensity  (kW/cm^)  for  DFWM  at  gain  nonlinearity 


Jso.  kW/cm^ 


J30,  kW/cm^ 
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Tab.  2.3. 


Gas  mixture  C02:N2:He=l;2:4. 

Liitial  temperature  -  300  K. 

Pressure  -  0.28  atm. 

Specific  input  energy: 

120  J/l-atm  (a), 

190  M  atm  (b), 

280  J/l-atm  (c). 

Interaction  length  -  70  cm. 

Laser  output  mirror  reflectivity: 

65%  (1), 

7.5%  (2). 

Interaction  angle  -  1°. 

Relaxation  time  of  thermal  grating  -  70  ps. 


a).  PC  reflectivity  (on  energy)  Rea—EitJEso  (%)?  calculated  for  DFWM  at  gain  nonlinearity 
(the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/1  atm 

190  J/l  atm 

280  J/l  atm 

Rout=65% 

(al)  1.91 

(bl)  1.50 

(cl)  1.66 

Rom=7.5% 

(a2)  1.50 

(b2)  4.29  1 

(c2)  3.50 

b).  PC  reflectivity  (on  energy)  Re,=E4/E3o  (%),  calculated  for  DFWM  at  thermal  nonlinearity 
(the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/l  atm 

190  J/l  atm 

280  J/l  atm 

J?o«(=65% 

(al)  5.04 

(bl)  3.94 

(cl)  4.70 

Rou,=1.5% 

(a2)  1.35 

(b2)  7.29 

(c2)  8.48 

c).  Peak  PC  intensity  J4a  (W/cm^),  calculated  for  DFWM  at  gain  nonlinearity 
(the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/l  atm 

190  J/l  atm 

280  J/l  atm 

Rcut=65% 

(al)  14.7 

(bl)  25.3 

(cl)  38.5 

Rou.=7.5% 

(a2)  27.9 

(b2)  263.0 

(c2)  372.1 

d).  Peak  PC  intensity  7*  (W/cm^),  calculated  for  DFWM  at  thermal  nonlinearity 
(the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/l  atm 

190  J/l  atm 

280  J/l  atm 

Rout=65% 

(al)48.5 

Rour^l.5% 

e).  Peak  PC  reflectivity  (on  intensity)  Ra  ^J^c/Jso  (%)?  calculated  for  DFWM  at  gain  nonlinearity 
(the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/l  atm 

190  J/l  atm 

280  J/l  atm 

R^„t=65% 

(bl)  2.21 

(cl)  2.39 

E,u,=7.5% 

(b2)  6.69 

(c2)  7.57 
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Tab.  2.3.  (continuation) 


f).  Peak  PC  reflectivity  (on  intensity)  R,  =J4/J3o  (%),  calculated  for  DFWM  at  thermal 
nonlinearity  (tlie  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/1  atm 

190  J/1  atm 

280  J/1  atm 

R.ut=65% 

(al)  10.40 

(bl)  8.33 

(cl)  9.79 

Rou,=1.5% 

(a2)  5.44 

(b2)  14.87 

(c2)  13.09 

g).  Peak  PC  reflectivity  (on  intensity)  R  =J/J3o  (%)»  calculated  for  DFWM  at  both  types  of 
nonlinearity  (the  numbers  of  curves  for  Fig.  2.5  is  in  brackets). 


120  J/1  atm 

190  J/1  atm 

280  J/1  atm 

Rouc=65% 

(al)  12.85 

(bl)  10.54 

(cl)  12.17 

Rout='7.5% 

(a2)  6.83 

(b2)  17.08 

(c2)  15.64 

Tab.  2.4. 

Gas  mixture  C02;N2:He=l:2;4. 

Initial  temperature  -  300  K. 

Pressure  -  0.28  atm. 

Specific  input  energy  -  120  J/l  atm  . 

Interaction  length  -  70  cm. 

Laser  output  mirror  reflectivity  65%  . 

Interaction  angle  -  1°. 

Relaxation  time  of  thermal  grating  -  70  (is. 

The  table  presents  dependences  of  following  parameters  on  gas  pressure: 

-  peak  PC  reflectivity  (on  intensity)  Ra  =J4(/J3o  (%X  calculated  for  DFWM  at  gain 
nonlinearity; 

-  peak  PC  reflectivity  (on  intensity)  Rt  =J4/J3o  (%),  calculated  for  DFWM  at  thermal 
nonlinearity  ; 

-  peak  PC  reflectivity  (on  intensity)  R  =J4/Jso  (%)?  calculated  for  DFWM  at  both  types  of 
nonlinearity; 

-  PC  reflectivity  (on  energy)  Rea^E4c/E}o  (%),  calculated  for  DFWM  at  gain  nonlinearity; 

-  PC  reflectivity  (on  energy)  Ret—E4/E3o  (%),  calculated  for  DFWM  at  thermal 
nonlinearity; 

-  peak  intensity  of  PC  signal  J4a  (W/cm^),  calculated  for  DFWM  at  gain  nonlinearity; 

-  peak  intensity  of  PC  signal  J41  (W/cm^),  calculated  for  DFWM  at  thermal  nonlinearity. 


J4  a 

J4  t 

Rea 

Ra 

Rt 

R 

0.28 

0.38 

0.63 

1.62 

3.84 

2.84 

5.92 

7.28 

0.42 

0.85 

3.25 

1.88 

10.03 

3.88 

-13.51 

14.76 

0.56 

1.53 

12.96 

2.75 

28.13 

5.53 

45.43 

48.65 

0.80 

2.87 

45.79 

4.48 

91.73 

8.28 

161.62 

166.72 
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3.  Experimental  investigation  of  PC  at  DFWM  of  pulsed  CO2  /CO  laser 
radiation  inside  its  inverted  medium 

In  this  part  we  present  results  of  parametric  study  of  PC  process  under  DFWM  inside  own 
active  medium  of  the  pulsed  EBCD  CO2  and  CO  lasers.  The  main  objective  of  this  part  is  to 
investigate  experimentally  the  phenomena  associated  with  DFWM  of  CO2  and  CO  lasers  radiation 
in  their  active  medium,  to  define  the  relative  role  of  two  physical  mechanisms  (amplitude  and 
phase  one)  in  PC  process  and  investigate  an  influence  of  different  parameters  (gas  mixture 
content,  gas  pressure,  input  energy,  interaction  angle  etc.)  upon  energetic  and  temporal 
characteristics  of  PC  signal.  The  main  attention  in  this  part  we  pay  to  CO2  laser  as  a  simpler  laser 
system  as  compared  to  CO  laser.  The  part  of  the  report  includes: 

•  description  of  the  experimental  laser  setup,  the  test  equipment  and  the  experimental  techniques; 

•  properties  of  the  CO2  active  medium  and  that  of  the  laser  output; 

•  experimental  results  on  PC  for  CO2  laser; 

•  experimental  results  on  PC  for  CO  laser. 

Most  of  the  experimental  results  are  shown  in  diagrams.  Also  some  experimental  data  for 
several  diagrams  are  presented  in  tables  for  a  further  theoretical  analysis. 

3.1.  Experimental  laser  setup 


EBCD  laser  chamber 

Our  experiments  were  carried  out  with  the  pulsed  electron-beam  controlled  discharge  (EBCD) 
CO2/CO  laser  installation  shown  schematically  in  Fig.  3.1.  This  installation  consisted  of  the 
vacuum  electron  gun  chamber  (1)  containing  the  laser  chamber  (2)  and  the  hot  cathode  (3)  over  it. 
The  chambers  were  made  from  a  stainless  steel.  The  laser  chamber  was  made  in  a  shape  of  1.35  m 
(length)  X  0.35  m  (in  diameter;  outward  size)  cylinder  and  was  placed  on  the  bottom  of  the 
electron  gun  chamber.  The  internal  volume  of  the  laser  chamber  was  about  0.15  m^  and  the 
discharge  volume  was  1200  (length)  x  140  (width)  x  110  (height)  mm^  =  18.5  liters.  The  EBCD 
chamber  had  NaCl  windows  (4)  that  were  oriented  at  the  Brewster  angle  to  the  optical  axis  of  the 
laser  resonator  in  the  most  of  the  experiments  (see  chapter  3.2.6  of  the  report  for  other  cases). 
The  internal  volume  of  the  vacuum  electron  gun  chamber  was  1.5  (length)  x  0.5  (width)  x 
0.7  (height)  m^. 

The  EBCD  took  place  between  the  mesh  groimded  cathode  (5)  and  the  copper  anode  (6).  An 
electron  beam  penetrated  into  the  laser  chamber  through  the  polyimid  foil  (7)  of  40  [im  thickness 
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pressed  to  this  chamber  by  stainless  steel  flange  with  a  lot  of  holes  (e-beam  transparency  is  about 
40%).  The  e-beam  current  density  in  the  laser  chamber  was  10  mA/cm^.  The  EBCD  electrical 
supply  system  is  schematically  presented  in  Fig.  3.2.  The  capacitor  bank  (1)  was  charged  by  the 
current  rectifier  (2)  up  to  a  high  voltage  of  50  kV.  The  capacity  of  the  bank  was  usually  21  p-F. 
The  gas  pressure  in  the  laser  chamber  did  not  exceed  0.8  atm  on  account  of  technical  reason. 

The  laser  chamber  was  designed  for  a  CO  laser  as  well.  It  had  ’’jacket”  surrounding  the 
chamber  and  could  be  cooled  down  to  100  K  by  liquid  nitrogen. 

Electron-beam  gun 

150  keV  electron  beam  was  formed  by  a  hot  cathode  (3  in  Fig.  3.1).  The  1  m  long  cathode 
was  fixed  in  the  upper  part  of  the  e-beam  gun  chamber  through  a  current  supply  channel  with  a 
high  voltage  isolation  (8  in  Fig.  3.1).  It  consisted  of  0.5  mm  diameter  tungsten  wires.  We  used 
three  wires  with  the  3  cm  gap  between  each  other  and  parallel  connected  to  the  power  source. 
The  edges  of  the  cathode  as  well  as  the  sharp  parts  inside  the  vacuum  chamber  were  protected  by 
electrostatic  screens.  The  gap  between  the  thermoionic  cathode  and  the  laser  chamber  was  12  cm. 

The  e-beam  gun  supply  system  are  schematically  presented  in  Fig.  3.3.  The  e-beam  gun  was 
suppHed  by  high  voltage  four-stage  Marks  generator  (7)  with  the  capacity  of  0.1  pF.  The  65  Q 
ballast  resistor  R  (5)  protected  the  foil  in  the  case  of  a  breakdown  in  the  vacuum  chamber.  The  hot 
cathode  (2)  of  the  e-beam  gun  was  powered  through  a  13  kW  current  transformer  (6)  with  a  high 
voltage  air  isolation  between  the  windings.  The  e-beam  accelerating  voltage  had  approximately  a 
triangular  form  with  the  amplitude  of  150  kV.  The  pulse  duration  of  e-beam  current  was  hnuted 
by  a  foil  cut-off  for  electrons  with  energy  less  than  90  keV.  The  e-beam  pulse  duration  was 
controlled  by  the  heating  power  of  the  hot  cathode  in  the  range  from  10  up  to  1000  ps. 

Test  equipment  and  experimental  techniques 

The  test  equipment  included  calorimeters,  photodetectors,  CO2/CO  laser  spectrometer,  storage 
oscilloscopes  and  infra-red  (IR)  video  system. 

The  laser  output  energy  was  measured  by  the  calorimeter  with  sensitivity  of  2  mJ  and  relative 
accuracy  of  6%.  The  PC  signal  energy  was  measured  by  the  calorimeter  with  sensitivity  down  to 
0. 1  mJ.  The  calorimeters  were  connected  to  a  digital  voltmeter. 
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The  temporal  characteristics  were  measured  with  a  hquid-nitrogen  cooled  Ge-Au 
photodetector  with  a  response  time  of  0. 1-1  |is.  The  high  frequency  component  of  a  laser  pulse 
was  displayed  by  a  photon-drag  detector  (response  time  ~1  ns). 

To  display  aU  the  lasing  transitions  of  the  laser  the  grating  CO2/CO  spectroscope  “CO  Laser 
Spectrum  Analyzer  (Model  16-C)”  was  used.  It  was  cahbrated  both  in  wavelength  and  rotational 
line  designation  to  permit  identification  of  laser  transitions  both  between  5.0  and  5.7  microns  and 
between  9.1  and  11.3  microns. 

A  degree  of  a  Unear  polarization  of  a  laser  beam  yp  was  analyzed  with  a  plane  plate  (ZnSe,  Si 
or  Ge)  oriented  at  Brewster’s  angle  to  the  optical  axis  of  the  beam.  To  analyze  an  orientation  of 
the  polarization  plane  it  was  possible  to  rotate  the  plane  plate  (analyzer)  around  the  axis  of  the 
laser  beam.  The  plane  of  polarization  was  found  when  the  energy  of  the  signal  reflected  from  the 
analyzer  had  a  minimal  value  Qn.  Then  the  degree  of  linear  polarization  was  estimated  as  the 
following  ratio: 


_\Qii-Qi 
^  Qii  +  Qi 


(3.1), 


where  Qi  -  the  energy  of  reflected  from  the  analyzer  when  its  incident  plane  was  oriented 
perpendicular  to  the  polarization  plane. 

To  record  an  IR  distribution  of  laser  output  an  IR  video  system  was  used.  This  system 
consisted  of : 

•  IR  video  camera  “THERMOCAM”  which  transforms  an  IR  distribution  to  a  video  signal; 


•  TV  monitor  to  display  the  video  signal; 

•  VCR  to  record  the  video  signal; 

•  digitizer  of  the  video  signal  for  a  computer  analysis; 

•  computer  with  a  software  to  analyze  the  digital  signal. 

IR  video  camera  is  a  sensitive  photodetector  of  a  thermal  radiation.  It  was  used  to  transform  a 
slow  altered  thermal  signal  of  an  extended  object  into  a  video  signal.  The  advantages  of  the  system 
were  the  high  sensitivity  in  IR  range  and  the  linear  transformation  of  IR  signal  into  video  signal. 
The  disadvantages  were  as  follows: 

•  absence  of  synchronization  between  recording  and  beginning  of  the  laser  output  puke  that 

gave  us  different  “blurring”  of  a  distribution  image;  " 

•  high  sensitivity  of  IR  video  camera  required  us  to  use  a  diSusely  scattering  screen,  but  a 
coherent  radiation  of  a  laser  acquires  a  spot  structure  during  difiuse  reflection  which  distorts  the 
distribution  image. 


48 


The  IR  distribution  of  the  laser  output  was  measured  by  directing  the  laser  beam  to  a  difiusely 
scattering  screen.  The  IR  video  was  located  near  the  screen  (-0.3  m).  The  scattered  radiation 
image  was  transformed  by  IR  video  camera  into  a  video  signal.  Then  the  video  signal  was 
digitized  for  subsequent  computer  processing.  To  compare  the  distributions  of  the  different  laser 
beams  they  were  recorded  simultaneously  with  equalizing  their  intensities  with  cahbrated 
attenuators.  Thus  we  registered  both  probe  and  backscattered  signals  simultaneously.  To  decrease 
a  “blurring”  error  and  to  compare  IR  distributions  of  the  signals  their  position  on  the  screen  was 
chosen  by  such  a  way  that  both  images  were  displayed  at  the  same  lines  of  video  scanning. 

The  digitized  image  of  IR  distribution  allows  other  techniques  to  determine  PC  reflectivity  on 
energy.  One  of  them  uses  ratio  between  peak  values  of  both  signals  and  it  will  be  called  in  this 
paper  as  “peak  reflectivity”.  Another  technique  takes  into  account  a  shape  of  the  signals,  i.e.  PC 
reflectivity  may  be  calculated  as  ratio  of  signals  which  was  integrated  on  surface  of  image.  The 
technique  will  be  called  in  this  paper  as  “integrated  reflectivity”.  The  integrated  reflectivity  can  be 
calculated  more  simpler  if  the  surface  integration  is  changed  with  multiphcation  of  peak  value  by 
squared  full  width  of  half  maximum  (FWHM). 

The  digitized  image  of  IR  distribution  in  far-field  zone  allows  us  to  compare  an  angular 
divergency  of  the  PC  signal  and  that  of  the  probe  one.  In  fact  an  angular  divergency  of  a  laser 
beam  is  proportional  to  FWHM  of  the  digitized  image.  A  ratio  between  a  FWHM  of  the  probe 
signal  and  that  of  the  PC  signal  was  used  to  estimate  an  optical  quahty  of  the  PC  mirror. 

3.2.  PC  at  DF^M  inside  inverted  medium  of  EBCD  COi  laser 

3.2.1.  Characteristics  of  active  medium  of  CO2  laser 

An  active  medium  of  a  molecular  gas  CO2  laser  is  a  gas  mixture  with  an  inverted  population  of 
energy  levels.  A  CO2  laser  gas  mixture  includes  carbon  dioxide,  nitrogen  and  hehum.  The  laser 
gas  mixture  CO2 ;  N2  :  He  =  1 ;  2  :  4  was  usually  used  in  our  experiments.  The  pressure  of  the 
laser  gas  mixture  was  0.28  atm  in  the  most  of  the  experiments.  The  initial  gas  temperature  was 
about  300  K.  Hereinafter  these  gas  parameters  will  be  considered  as  so-called  “default” 
parameters  (we  use  a  computer  slang  word  here,  which  means  that  if  it  is  not  specially  pointed, 
those  parameters  characterize  experiment  being  discussed).  In  some  experiments  (see 
chapter  3.2.6  of  the  report)  the  gas  mixture  and  the  gas  pressure  were  varied. 
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To  create  an  inversion  population  of  energy  levels  in  our  CO2  laser  gas  mixture  we  used  an 
electron  beam  controlled  discharge  (see  chapter  3.1  of  the  report).  An  active  medium  of  an  EBCD 
laser  is  characterized  by  a  specific  input  energy  and  a  small  signal  gain. 

Input  energy 


A  specific  input  energy  (SEE)  is  a  gas  discharge  parameter  that  is  determined  as  an  input 
energy  divided  per  one  unit  of  a  discharge  volume  (1  liter)  and  per  one  umt  of  a  gas  pressure 
(1  atm  =  0.1013  MPa).  The  specific  input  energy  was  varied  from  50  to  400  J/latm  in  our 
experiments.  The  input  energy  pulse  duration  was  about  30  \xs.  The  time-history  of  the  EBCD 
input  energy  shown  in  Fig,  3.4  includes  the  time-history  of  the  e-beam  accelerating  voltage  (a), 
that  of  the  e-beam  current  (b),  that  of  the  EBCD  current  (c)  and  that  of  the  EBCD  voltage  (d). 
The  maximal  value  of  the  e-beam  accelerating  voltage  was  of  150  kV.  The  maximal  value  of  the 
e-beam  current  was  of  2  A  and  that  of  e-beam  current  density  was  of  12  mA/cm  .  The  maximal 
value  of  the  EBCD  current  depended  on  the  EBCD  high  voltage  and  varied  from  3  to  10  kA. 

The  EBCD  high  voltage  was  varied  from  6  up  to  25  kV.  The  dependence  of  the  EBCD 
specific  input  energy  on  the  specific  field  strength  E/p  (where  E  -  field  strength,  p  -  gas  pressure)  is 
presented  in  Fig.  3.5  (data  in  Table  3.1). 


Small  signal  gain 

A  small  signal  gain  is  an  important  parameter  of  an  active  medium.  It  determines  a  laser  output 
and  nonlinear  properties  of  the  medium.  To  register  a  temporal  behaviour  of  the  small  signal  gain 
in  the  active  medium  the  optical  scheme  of  the  experiment  shown  in  Fig,  3.6a  was  used.  The 
10.6  |im  laser  beam  of  the  low  pressure  continuous  wave  (cw)  CO2  laser  (1)  passed  through  the 
inverted  medium  inside  the  pulsed  EBCD  CO2  laser  chamber  (2).  The  temporal  characteristics  of 
the  probe  cw  laser  beam  and  the  amplified  one  were  monitored  with  the  Ge:Au  photo  detectors 
(3).  A  mirror  with  reflectivity  of  30%  was  used  as  a  beam  sphtter  (M).  The  gas  pressure  of  the  cw 
CO2  laser  was  6-12  Ton*.  The  current  of  the  self-sustained  discharge  was  of  20  -  40  mA.  The 
laser  output  was  0.3  -  0.7  W  and  the  laser  intensity  was  of  0.4  - 1  W/cm^.  This  intensity  was 
much  less  than  the  saturation  intensity  in  the  inverted  active  medium.  Thus  the  temporal  behaviour 
of  the  amplified  laser  beam  coiTesponded  to  the  time-history  of  the  small  signal  gain. 

The  time-history  of  the  amplified  laser  signal  (normalized  on  a  maximal  value  of  a  signal)  for 
different  EBCD  specific  input  energy  (120,  190  and  280  J/l  atm)  is  shown  in  Fig.  3.7. 
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To  measure  an  average  value  of  the  small  signal  gain,  the  optical  scheme  of  the  experiment 
schematically  shown  in  Fig.  3.6b  was  used.  The  output  laser  beam  of  the  EBCD  CO2  laser  (2) 
was  introduced  in  the  same  laser  chamber  (1),  but  without  crossing  the  laser  resonator.  We 
measured  the  energy  of  the  probe  laser  beam  and  the  energy  of  the  amplified  signal 
simultaneously.  The  energy  of  the  probe  laser  beam  was  measured  due  to  8%  reflection  from  the 
EBCD  chamber  NaCl  window  which  was  oriented  at  the  5°  angle  to  the  optical  axis.  The  energy 
density  of  the  amplified  signal  versus  that  of  the  probe  one  is  presented  in  Fig.  3.8  (data  in 
Table  3.2)  for  different  EBCD  specific  input  energy.  The  energy  density  was  determined  as  the 
laser  pulse  energy  per  the  area  of  30  mm  aperture  diaphragm  (D  in  Fig.  3.6b)  before  the 
calorimeters  (3  in  Fig.  3.6b).  The  small  signal  gain  ao  was  determined  as  the  limit  when  energy  of 


the  probe  laser  beam  aspiring  to  zero  in  the  expression; 


1 


oa;  a  =  -ln 


r  \ 

H  amp 

yJ7) 


(3.2) 


where  L  is  the  active  medium  length,  qpr  and  qamp  are  the  energy  density  of  the  probe  laser 
beam  and  that  of  the  amplified  signal  respectively,  a  -  average  gain  on  energy.  The  dependence  of 
the  average  gain  on  the  energy  density  of  the  probe  laser  beam  is  shown  in  Fig.  3.9  for  different 
EBCD  ^ecific  input  energy.  The  values  of  the  small  signal  gain  for  different  EBCD  specific 
input  energy  are  given  in  Table  3.3  and  in  Fig.  3.10.  The  value  of  the  small  signal  gain  was 
increased  with  increasing  of  the  EBCD  specific  input  energy.  This  dependence  was  approximated 
by  logarifrnic  function  shown  in  Fig.  3.10  (sohd  line).  Maximum  value  of  the  small  signal  gain  was 
of  1.7  m\ 

Fig.  3.9  enables  us  to  estimate  a  saturation  energy  and  intensity  inside  the  EBCD  CO2  laser 
active  medium.  The  value  of  the  saturation  energy  was  estimated  as  FWHM  of  the  gain 
dependence  upon  the  laser  energy  density.  The  saturation  energy  was  equaled  about  0.2  J/cm^. 
The  saturation  intensity  corresponding  to  the  energy  was  equaled  about  10-20  kW/cm^  being  in  a 
good  agreement  with  the  value  of  saturation  intensity  theoretically  calculated  from  the  system  of 
kinetics  equations  (see  part  2). 


3.2.2.  Characteristics  of  the  EBCD  CO2  laser. 

The  EBCD  laser  chamber  had  aperture  120  mm  in  diameter  and  maximal  volume  of  the  laser 
active  medium  for  this  aperture  was  of  15  liters.  Maximal  CO2  laser  output  energy  was  400  J  per 
one  pulse.  The  specific  output  energy  exceeded  70  3/1  atm,  the  laser  efficiency  was  of  24  %. 
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In  our  experiments  the  PC  process  under  DFWM  inside  own  active  medium  of  the  CO2  laser 
was  investigated.  Thus  the  active  medium  of  the  CO2  laser  was  used  both  as  the  nonlinear  medium 
for  the  PC  process  under  DFWM  and  as  the  laser  source  of  the  probe  wave.  To  achieve  maximum 
value  of  PC  signal  an  interaction  length  of  DFWM  should  be  increased.  But  DFWM  length  was 
changed  together  with  changing  the  interaction  angle  in  our  experimental  setup.  The  interaction 
angle  0  was  varied  from  40  mrad  down  to  10-15  mrad  in  the  experiments.  The  length  of  DFWM 
was  up  to  1  meter.  To  provide  maximum  value  of  PC  reflectivity  and  analyze  theoretically 
experimental  results  TEMoo  mode  of  the  laser  output  was  required.  To  satisfy  these  conditions  the 
aperture  of  the  laser  beam  was  10-30  mm  in  diameter  at  12  m  length  optical  resonator  (Fresnel 
number  ~  1).  Characteristics  of  such  EBCD  CO2  laser  were  not  measured  earher  before  our 
experiments.  Therefore  we  measured  energetic,  temporal,  spatial  and  spectral  characteristics  of  the 
CO2  laser  with  small  Fresnel  number. 


Laser  output 

In  our  experiments  we  used  a  non-selective  optical  resonator,  12  m  long,  formed  by  one  plane 
multicoating  mirror  and  one  concave  rear  mirror.  The  concave  rear  mirror  had  24  m  radius  of 
curvature.  To  restrict  oscillation  to  the  TEMoo  mode  intracavity  apertures  were  used.  A  flat 
interference  mirrors  with  reflectivity  of  30%,  46%  or  65%  (wavelength  X  ~10.6  |j,m)  were  used 
as  an  output  mirrors  in  these  experiments.  Multicoating  mirrors  mentioned  above  were  also  used 
as  cahbrated  laser  beam  attenuators. 

A  specific  output  energy  is  energetic  parameter  which  characterizes  an  active  laser  medium 
inside  laser  optical  resonator.  The  parameter  was  determined  as  the  output  energy  per  one  unit  of 
a  volume  of  the  active  medium  inside  laser  resonator  and  per  one  umt  of  a  gas  pressure.  The 
specific  output  energy  of  the  laser  had  approximately  linear  dependence  on  the  specific  EBCD 
input  energy  (Fig.  3.11  and  Table  3.4)  for  different  output  mirrors.  The  laser  efficiency  which 
was  determined  as  a  ratio  of  a  specific  output  energy  per  a  specific  input  energy  depended  on  the 
output  mirror  (Fig.  3.12  and  Table  3.5).  The  maximal  value  of  the  laser  efficiency  corresponded 
to  20%  reflectivity  of  the  output  mirror. 

Fig.  3.13  (data  in  Table  3.6)  demonstrates  that  the  laser  output  linear  depends  on  the  gas 
pressure  for  different  specific  energy  input.  Fig.  3.14  (data  in  Table  3.7)  demonstrates  that  the  gas 
laser  mixture  content  (CO2 :  N2 :  He  =  1  :  2  :  4,  3  :  3  :  8,  2  ;  1:4  and  3:0:4)  had  small  nrfluence 
on  the  laser  output  imder  the  experimental  conditions.  It  should  be  noted  that  the  low  value  of  the 
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specific  output  energy  and  the  laser  efficiency  as  compared  to  normal  wide  aperture  EBCD  CO2 
laser  was  due  to  the  large  dififi'action  losses  for  laser  resonator  described. 

Temporal  behaviour  of  the  laser  output 

The  EBCD  CO2  laser  with  the  output  pulse  duration  of  10-20  |rs  was  used  in  our  experiments. 
The  pulse  length  of  the  laser  output  and  the  shape  of  the  laser  pulse  depended  on  the  specific  input 
energy,  Q  factor  of  laser  resonator  and  gas  parameters.  However  the  laser  output  had  complicated 
temporal  behaviour.  The  behaviour  reflected  a  formation  process  of  a  laser  radiation  inside  the 
optical  resonator.  The  pump  waves  of  DFWM  had  the  same  time-history.  Therefore  to  study  the 
PC  process  under  DFWM  it  is  required  to  register  the  time-history  of  the  waves.  The  basic 
properties  of  the  temporal  behaviour  of  the  laser  output  will  be  discussed  below. 

The  typical  pulse  shape  of  the  laser  output  is  shown  in  Fig.  3.15.  The  shape  had  a  maximum 
near  the  beginning  of  the  pulse.  The  pulse  duration  was  10-25  jxs  in  the  experiments.  The  pulse 
shape  depended  on  parameters  of  the  active  medium  and  the  laser  resonator.  The  end  of  the  CO2 
laser  pulse  coincided  with  the  end  of  the  EBCD  input  energy  pulse.  The  observable  delay  of  the 
laser  pulse  beginning  was  due  to  growing  of  an  inversion  population  of  the  active  medimn  and 
amplifying  of  the  laser  radiation  in  the  optical  resonator.  Thus  the  delay  depended  on  the  value  of 
the  specific  input  energy  and  Q  factor  of  the  optical  resonator.  The  value  of  the  delay  varied  from 
4  to  10  (js  for  a  high  Q  resonator  (Rout  =  65%)  and  from  8  to  16  |xs  for  a  low  Q  resonator 
(Rout  ~  8%).  The  laser  output  had  a  pre-pulse  (first  peak;  ~1  jis  pulse  duration)  at  the  beginning  of 
the  laser  pulse.  The  pre-pulse  was  separated  from  the  main  pulse  when  the  small  signal  gain  was 
decreased  or  when  the  optical  losses  in  the  resonator  was  increased. 

To  display  whole  pulse  duration  of  the  laser  output  in  our  experiments  the  temporal  behaviour 
was  registered  with  Ge: Au  photodetector  with  the  resolution  time  of  0. 1  p,s.  The  time-history  of 
the  laser  pulse  duration  was  used  for  the  analysis  of  the  PC  mechanism  and  that  of  the  temporary 
behaviour  of  PC  reflectivity  at  the  parametric  study.  The  time-history  of  the  waves  will  be  shown 
at  the  description  of  those  experiments.  However  the  laser  output  time-history  was  smoothed  by 
the  photodetector  resolution  time  (0. 1  ps). 

It  should  be  noted  that  the  laser  output  had  more  comphcated  time-history.  To  analyze  the 
time  resolved  structure  of  the  laser  pulse  the  amplified  photon  drag  detectors  with  resolution  time 
of  ~  1  ns  was  used.  In  this  experiment  the  resonator  length  was  3.6  m.  The  laser  chamber  optical 
windows  was  oriented  at  5°  angle  to  the  optical  axis  of  the  resonator.  The  laser  beam  had  output 
aperture  of  19  mm  in  diameter. 
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The  time  resolved  laser  outputs  are  shown  in  Fig.  3.16.  The  Fig.  3.16a  corresponds  to  default 
gas  parameters  (see  Table  3.8)  and  the  SDE  was  200  J/latm.  The  number  1  after  the  letter 
indicates  the  pre-pulse  of  the  laser  output,  the  following  part  of  the  pulse  is  indicated  by  the 
number  “2”.  Our  analysis  of  the  laser  output  showed  that  the  output  pulse  had  a  periodic  structure 
and  the  period  was  about  24  ns.  The  value  of  the  period  was  equaled  to  a  round-trip  period 
T=2  L/C,  where  L=3.6  m  -  the  length  of  the  laser  resonator,  c  -  the  speed  of  light.  One  can  see  that 
the  laser  output  had  the  high  frequency  (HF)  component  which  takes  place  because  of  longitudinal 
mode  beating.  In  fact  the  Ge:Au  photodetector  displayed  an  envelope  of  the  component.  It  should 
be  noted  that  a  number  of  longitudinal  mode  is  very  low  .  For  instance,  Fig.  3.16a  demonstrates 
that,  perhaps,  two  of  them  with  different  amphtudes  takes  part  in  lasing. 

In  additional  inherent  structure  of  the  HF  component  had  a  complicated  temporal  behaviour  as 
well.  The  diagrams  in  Fig.  3. 16a-c  are  arranged  in  order  of  decreasing  of  a  small  signal  gain  inside 
the  active  medium.  The  decreasing  was  due  to  a  decrease  of  a  specific  input  energy  down  to 
100  J/l  atm  (b)  or  due  to  using  the  gas  mixture  without  nitrogen  CO2 :  He  =  3:4  (c).  Our  analysis 
of  the  time  resolved  inherent  HF  structure  showed  that  the  small  signal  gain  influenced  on  the 
structure  of  the  laser  output.  The  structure  had  more  compHcated  (irregular  to  some  extent) 
temporal  behaviour  when  the  small  signal  gain  comes  nearer  to  a  threshold  of  lasing 
(Fig.  3.16  cl).  From  our  point  of  view  it  was  due  to  a  competition  between  modes  of  the  optical 
resonator.  It  should  be  also  noted  that  the  pre-pulse  had  more  compUcated  structure  in  comparison 
with  second  part  (a  tail)  of  the  pulse  (Fig.  3. 16  b2). 

Thus  the  CO2  laser  output  had  the  comphcated  temporal  behaviour.  The  structure  should  be 
taken  into  account  in  a  further  theoretical  analysis.  But  the  HF  structure  of  a  PC  signal  was  not 
resolved  in  this  experimenr  because  of  a  small  value  of  the  intensity  of  the  signal  preventing  from 
using  photon  amplified  drag  detector. 

Spatial  and  spectral  characteristics 

A  laser  radiation  is  characterized  by  a  set  of  parameters.  The  set  includes  an  angular 
divergency,  a  spectral  content,  a  degree  of  polarization  and  a  degree  of  temporal  coherency. 

An  angular  divergency  of  radiation  depended  on  parameters  of  the  optical  resonator  and  was 
2  mrad  in  our  experiments.  The  distribution  of  the  laser  output  in  a  far-field  zone  will  be  presented 
below  in  chapter  3.2.4. 

^  See  a  definition  of  the  term  “default”  at  the  beginning  of  the  chapter  3.2 

^  HF  structure  of  the  laser  output  and  PC  signal  for  CO2  and  CO  lasers  was  observed  in  our  joint  experiments  at 
P.N.  Lebedev  Institute  having  been  done  together  with  C.  Beairsto,  R.  Penny,  S.  Squires  (Dep.  of  Appl. 
Technology,  White  Sands,  USA)  and  R.  Walter  (J,  Schafer  Ass.,  USA)  in  May  1996  (see  Part  4). 
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A  degree  of  linear  polarization  was  measured  with  a  Ge  plate  oriented  at  the  Brewster  s  angle 
(analyzer).  The  degree  of  polarization  of  the  CO2  laser  radiation  exceeded  99.5%  in  the  most  of 
our  experiments.  In  some  experiments  the  degree  of  polarization  was  decreased  down  to  10%  (see 
chapter  3.2.6). 

A  spectral  content  of  the  laser  output  was  registered  with  a  grating  CO/CO2  spectroscope.  In 
owe  experiments  the  spectral  band  depended  on  a  material  of  the  optical  window  of  the  EBCD 
laser  chamber. 

NaCl  windows: 

Practically  all  the  energy  of  the  laser  output  was  concentrated  at  single  line  10.6  [im  P(20)  without 
spectral  selection.  In  additional,  a  weak  lasing  transition  P(22)  was  observed  when  the  laser  output 
increasing. 

BaF?  windows: 

The  lasing  transitions  corresponded  to  9.6  |im  band.  A  spectral  content  of  the  laser  output  had  two 
strong  lines  P(24)  and  P(26).  Also  it  was  observed  a  weak  line  P(30). 

A  degree  of  temporal  coherency  is  an  important  parameter  for  a  DFWM  process.  In  fact  the 
degree  determines  a  maximal  contrast  of  the  interference  pattern  under  DFWM  and  then  a 
maximal  contrast  of  grating  formed  inside  the  non-linear  medium.  Because  the  output  pulse  had  a 
compUcated  HF  structure  (see  previous  chapter)  the  degree  of  coherency  itself  was  not  measured 
in  our  experiments.  However,  an  interference  contrast  was  measured  for  different  optical  delay 
between  two  laser  beams. 

The  schematic  of  the  experiment  is  shown  in  Fig.  3.17.  The  laser  beam  was  divided  into  two 
beams  vsdth  a  beam  splitter.  Then  these  beams  were  summarized  on  a  screen  at  a  small  angle 
(-10  mrad).  The  interference  pattern  was  registered  by  a  carbon  paper.  The  contrast  was  defined 
as  a  degree  of  a  visibility  of  the  pattern.  In  fact  the  measurement  was  the  estimation  of  the 
visibility  and  had  a  small  accuracy.  But  the  estimation  had  enough  accuracy  to  compare  the 
interference  patterns  for  the  different  optical  delay.  An  optical  delay  between  two  laser  beams  was 
varied  by  means  of  moving  one  of  folding  mirrors.  The  optical  delay  was  varied  fi'om  a  zero  up  to 
the  double  length  of  the  laser  resonator  (m  these  experiment  the  resonator  length  was  3.6  m,  the 
specific  EBCD  input  energy  being  200  J/1  atm).  The  maximal  contrast  of  the  interference  pattern 
was  observed  at  zero  delay.  To  compare  a  contrast  at  other  optical  delay  with  the  maximal  one 
the  latter  was  taken  as  1.0. 

When  the  optical  delay  increasing  fi:om  zero  to  half  of  the  resonator  length  the  contrast 
decreased  slowly.  When  the  optical  delay  being  2  m  the  contrast  was  0. 5-0.7  of  the  maximal 
value.  When  the  optical  delay  increasing  up  to  one  length  of  the  resonator  the  contrast  decreased 
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more  sharp.  When  the  delay  being  one  length  of  the  resonator  the  interference  pattern  was  weak 
but  it  was  really  observed.  The  contrast  was  about  0. 1.  When  the  optical  delay  increasing  up  to  the 
double  resonator  length  the  contrast  increased.  The  contrast  was  about  0.7  -  0.9  for  the  optical 
delay  equaled  to  the  double  resonator  length  (the  optical  delay  was  equaled  7,2  m).  Thus  the 
contrast  of  the  interference  pattern  was  almost  periodic  function  with  an  optical  delay  (with  a 
period  of  double  resonator  length)  and  a  maximal  contrast  corresponded  to  zero  delay. 

Therefore  in  the  most  of  our  experiments  the  optical  delay  between  probe  and  pump  waves 
was  equaled  to  zero  with  an  accuracy  of  ±  0. 1  m.  In  some  experiments  the  optical  delay  was 
varied  (for  example,  see  chapter  3.2.6). 

The  experiments  demonstrated  that  the  intensity  grating  did  exist  inside  active  medium  in  PC 
experiments  and,  also,  that  coherency  length  h  of  our  CO2  laser  was  longer,  at  least,  than 
2  meters.  This  result  is  confirmed  by  HF  structure  of  the  laser  output  observed.  In  fact,  the  CO2 
lasers  spectral  width  Avl^^  Ic^  ~  0.005  cm‘^,  mode  spectral  spacing  Avm~  (2  LreJ  ^  ^  0.0014  cm  . 
Therefore  Avl  ^3.5  Avm  and  2-5  longitudinal  modes  could  take  place  in  lasing. 

3.2.3.  Experimental  scheme  of  DFWM  of  CO2  laser  radiation  inside  its  active  medium 

The  optical  scheme  of  our  experiments  on  DFWM  of  laser  radiation  inside  its  active  medium  is 
shown  in  Fig.  3.18.  Default^  parameters  of  the  DFWM  scheme  are  shown  in  Table  3.7.  The 
pumping  waves  were  formed  by  12  m  long  optical  resonator  (2).  The  laser  output  was  used  as  a 
source  of  the  probe  wave.  The  probe  wave  was  directed  to  the  EBCD  active  medium  (1)  of  the 
laser  at  small  angle  (^^15  mrad)  to  the  optical  axis  of  the  laser  resonator.  The  cross  point  was 
located  at  the  center  of  the  active  medium.  Then  the  amplified  probe  wave  was  directed  to  an 
absorber  (3).  The  probe  wave  and  a  backscattered  signal  was  measured  due  to  a  reflection  from  a 
beam  splitter  (BS).  To  provide  maximal  contrast  of  the  interference  pattern  in  the  active  medium 
the  optical  delay  between  the  probe  wave  and  the  forward  (co-propagating)  pumping  wave  was 
equaled  zero  with  an  accuracy  ±10  cm  (see  previous  chapter).  Therefore,  the  accuracy  enabled 
the  optical  delay  to  be  not  only  within  coherence  length,  but  also  to  synchronize  temporal 
structure  of  co-propagating  pumping  wave  and  probe  waves.  To  vary  an  intensity  ratio  between 
the  forward  pumping  and  the  probe  wave  (I1/I3)  a  set  of  cahbrated  attenuators  for  the  probe  beam 
was  used. 


^  See  a  definition  of  the  term  ‘‘default”  at  the  beginning  of  the  chapter  3.2 
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An  influence  of  DFWM  on  the  laser  output 

At  DFWM  the  probe  beam  propagates  through  the  active  medium  of  the  laser  and  can  affect 
the  process  of  lasing  itself.  In  fact,  the  influence  of  the  probe  signal  on  laser  output  was  observed 
when  intensity  of  the  probe  signal  was  as  much  as  a  half  of  intensity  of  the  co-propagating 
pumping  wave. 

In  this  case  the  process  of  DFWM  was  accompanied  by  an  output  energy  decrease,  by 
transformation  of  a  profile  of  the  laser  pulse  and  intensity  distribution  in  far-  and  near-field  zones. 
The  output  energy  of  the  EBCD  CO2  laser  decreased  by  30  -  40%  while  DFWM  being  used 
(/1//3-I). 

The  transformation  of  the  laser  pulse  profile  is  shown  in  Fig.  3.19.  The  maximal 
transformation  is  observed  in  the  middle  of  the  laser  pulse.  When  an  intensity  of  the  probe  wave 
decreases,  the  profile  of  the  laser  pulse  at  DFWM  is  nearer  to  one  without  DFWM  (/1//3  --  2, 
Fig.  3.19b).  For  lower  intensity  of  the  probe  beam  both  profiles  were,  practically,  the  same  ones. 
Fig.  3.20  demonstrates  the  transformation  of  near-field  intensity  distribution  upon  the  influence  of 
DFWM.  One  can  see  in  Fig.  3.20a  the  near-field  pattern  if  DFWM  does  not  take  place.  In  this 
case  the  intensity  distribution  is  fairly  homogeneous.  On  the  contrary,  when  DFWM  being  turned 
on  {Ifh-  1),  the  near-field  pattern  for  the  laser  beam  has  a  ring  profile  (Fig.  3.20b).  The 
transformation  of  the  near-field  intensity  distribution  takes  place  because  of  a  gain  saturation  in  the 
active  medium.  For  DFWM  of  gaussian  beams  the  maximal  total  intensity  corresponds  to  the 
point  of  intersection  of  axes  of  interacting  beams.  The  region  of  maximal  gain  saturation  is 
situated  symmetrically  to  that  point  and  stretched  along  the  axes  of  intersecting  beams.  The  cross- 
section  of  the  region  of  interaction  of  the  cylindrical  beams  (observed  in  direction  of  any  beam) 
has  an  elliptical  profile,  stretched  in  direction  perpendicular  to  the  plane  of  interaction.  The 
elliptical  prolBle  of  laser  intensity  reduced  in  the  center  of  intensity  distribution  was  observed  both 
for  laser  (probe)  beam  and  for  amplified  signal  propagated  through  the  inverted  medium 
(Fig.  3.20c). 

Therefore  we  demonstrated,  that  DFWM  leads  to  the  change  of  energetic,  temporal  and  spatial 
characteristics  of  CO2  laser,  if  intensity  of  probe  signal  is  more  than  a  half  of  intensity  of  the 
forward  pumping  wave,  i.e.  intensity  ratio  Ifh  <  2.  When  the  intensity  ratio  /1//3  >  2,  no  influence 
DFWM  upon  laser  characteristics  was  observed  within  experimental  error. 
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3.2.4.  Experimental  proofs  for  PC  process. 

To  study  a  PC  process  under  DFWM  inside  the  laser  active  medium  first  of  all  an 
experimental  proof  is  required  that  an  observable  backscattered  signal  is  a  PC  signal.  In  chapters 
3.2.5  and  3.2.6  it  will  be  shown  that  the  time-history  of  the  backscattered  radiation  differed  fi:om 
that  of  the  probe  wave.  Thus,  the  backscattered  radiation  was  not  any  patch  of  Ught  fi:om  a 
reflecting  surface.  However,  a  difference  between  temporal  behaviour  of  the  piilses  is  not  any 
proof  that  an  observable  backscattered  radiation  is  a  PC  signal.  For  example,  a  parasitic  oscillation 
could  also  has  the  time-history  differed  fi:om  that  of  the  laser  output. 

Therefore  the  additional  set  of  the  canonical  tests  for  the  PC  process  was  carried  out. 

•  reconstruction  of  an  optical  image  and  an  abberated  laser  beam  in  a  near-field  zone; 

•  reconstruction  of  angular  divergence  in  a  far-field  zone; 

•  coherency  (polarization)  test. 

Reconstruction  of  an  optical  image  in  near-field  zone 

The  existence  of  the  phase  conjugation  process  in  own  active  medium  of  the  CO2  laser  was 
confirmed  by  experiments  (see  schematic  in  Fig.  3.18)  in  which  the  image  of  an  object  was 
reconstructed  by  the  reflected  signal  in  the  near-field  zone.  We  used  different  (I-,  0-,  L-  and  X- 
shaped)  optical  masks  with  slits  of  2  mm  width  as  an  optical  object  and  as  an  aberrator  too.  The 
image  of  L-  shaped  mask  formed  by  thermal  radiation  is  shown  in  Fig.  3.21a.  The  IR  distnbution 
of  the  laser  radiation  which  crossed  the  optical  mask  is  shown  in  Fig.  3.21b  (at  a  distance  of  4.5  m 
fi:om  the  mask).  The  IR  distribution  was  the  compUcated  diffraction  pattern  obtained  due  to  a 
diffraction  at  the  edges  of  the  mask.  The  IR  distribution  of  the  backscattered  signal  in  the  plane  of 
the  mask  is  shown  in  Fig.  3.21c.  It  was  obtained  by  a  location  of  the  beam-splitter  (1  in  Fig.  3.18) 
which  was  equidistant  fi*om  the  mask  and  the  scattering  screen.  The  IR  distnbution  shown  in 
Fig.  3.21c  had  approximately  the  same  shape  as  the  probe  signal  passed  through  the  mask.  Thus 
the  reflected  signal  reconstructed  the  image  of  the  object  when  the  four-wave  interaction  took 
place  in  the  active  medium  of  the  EBCD  laser.  The  imperfection  of  the  reconstruction  was 
connected  with  the  optical  quahty  of  the  phase  conjugating  mirror.  It  should  be  noted  that  the 
distance  fi*om  the  mask  to  the  DFWM  region  was  about  5  m.  So  some  information  about  the 
object  was  lost  because  some  part  of  the  probe  beam  was  out  of  zone  of  wave  interaction  on 
account  of  diffraction  (Fig.  3.21b). 
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The  case  of  0-shaped  mask  is  shown  in  Fig.  3.21f  (laser  signal  on  the  mask)  and  Fig.  3.21g 
(backscattered  signal).  The  case  of  X-shaped  mask  is  shown  in  Fig.  3.21i  (backscattered  signal).  In 
latter  case  the  X-shape  of  the  backscattered  signal  had  more  imperfection  which  was  due  to  more 
comphcated  shape  of  the  mask.  The  IR  distribution  of  an  optical  noise  from  the  laser  resonator  is 
demonstrated  in  Fig.  3.2 Ih.  The  distribution  was  consisted  of  a  set  of  speckles  randomly 
distributed  within  the  aperture  of  the  folding  mirrors.  To  display  the  IR  noise  the  video  signal  was 
multiphed  by  100.  Thus  the  signal/noise  ratio  exceeded  one  hundred  in  our  experiments. 

These  experiments  demonstrated  that  the  backscattered  signal  imder  DFWM  did  reconstruct 
the  image  of  the  optical  masks. 

Reconstruction  of  angular  divergency  infar-field  zone 

( 

The  angular  distribution  of  the  reflected  radiation  in  a  far-field  zone  was  studied  by  recording 
the  distribution  of  the  radiation  energy  in  the  focal  plane  of  a  spherical  mirror  with  a  radius  of 
curvature  of  18  m.  An  angular  divergency  of  a  laser  beam  was  determined  in  our  experiments  as 
FWHM  of  IR  distribution  in  far-field  zone.  A  comparison  of  the  IR  distribution  of  the  probe  beam 
(Fig.  3.22a)  and  that  of  the  signal  backscattered  at  the  four-wave  interaction  in  the  active  medium 
(Fig.  3.22b)  demonstrated  that  the  latter  signal  had  the  angular  divergency  differed  by  less  than  a 
factor  of  1.5  from  the  divergency  of  the  probe  beam.  It  should  be  noted  that  in  some  cases  the 
angular  divergency  of  the  reflected  radiation  was  less  than  the  divergency  of  the  probe  beam  (see 
Fig.  3.22). 

The  comparison  enables  us  to  estimate  an  optical  quahty  of  the  PC  mirror.  In  fact  an  optical 
quahty  of  a  PC  mirror  is  characterized  by  decreasing  the  angular  divergency  of  aberrated  beam 
down  to  that  of  the  laser  probe  beam.  Thus  the  ratio  of  FWHM  of  probe  beam  to  that  of  PC  signal 
could  be  a  measure  of  optical  quahty  of  the  PC  mirror  (see  chapter  3.2.6). 

To  deteriorate  an  optical  quahty  of  the  probe  wave  we  used  a  set  of  aberrators  (NaCl-plates 
with  etched  surface,  crumpled  polyester  films).  These  aberrators  provided  a  different  degree  of  a 
phase  aberration  of  the  probe  wave.  These  experiments  demonstrated  that  the  backscattered  signal 
did  reconstruct  angular  divergency  of  the  laser  beam  when  passing  backward  through  the  same 
aberrator.  Thus  the  backscattered  signal  under  DFWM  of  laser  radiation  inside  its  active  medium 
had  the  property  of  PC  signal,  i.e.  a  reconstruction  of  angular  divergency  of  the  aberrated  laser 
beam. 
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Coherent  nature  of  backscattered  signal 


PC  by  DFWM  is  a  coherent  nonlinear  phenomenon  taking  place  due  to  diffiaction  gratings 
created  inside  active  medium.  Hence,  the  PC  reflectivity  should  depend  on  the  degree  of 
coherency  of  the  interacting  waves.  To  change  the  coherency  at  DFWM,  a  rotation  of  the 
polarization  plane  of  the  probe  wave  with  respect  to  that  of  the  pump  waves  proves  to  be  most 
convenient.  The  influence  of  the  mutual  orientation  of  polarization  planes  of  the  interacting  waves 
on  the  energy  of  the  backscattered  radiation  has  been  studied  by  such  polarization  experiments. 
The  polarization  of  the  CO2  laser  radiation  exceeded  99.5%  in  the  experiments  (see 
chapter  3.2.2).  The  rotation  of  the  polarization  of  the  probe  wave  was  provided  by  a  system  of 
folding  mirrors  (Fig.  3.23).  The  insertion  of  the  system  did  not  change  the  optical  delay  between 
the  probe  and  following  pumping  wave.  By  this  procedure  a  minimum  deviation  from  the 
condition  of  temporal  synchronism  between  the  probe  and  pump  wave  was  reached.  Two  cases  of 
mutual  orientation  of  polarization  planes  of  signal  and  pumping  waves  were  considered:  parallel 
and  perpendicular  ones.  The  energy  of  the  backscattered  radiation  in  the  case  of  mutually 
perpendicular  orientation  strongly  decreased  in  comparison  with  parallel  orientation.  The  obtained 
value  of  the  energy  was  comparable  with  the  radiation  background.  By  statistical  processing  of  the 
experimental  data  it  has  been  shown  that  in  the  case  of  the  mutually  perpendicular  orientation  the 
backscattered  signal  at  DFWM  is  practically  absent.  The  polarization  experiment  demonstrated 
that  in  fact  in  case  of  perpendicular  orientation  of  polarization,  there  were  no  diffraction  gratings 
in  active  medium  on  the  contrary  to  the  case  of  parallel  orientation.  The  experiment  also  gives  a 
basis  to  an  imagined  experiment  on  estimation  of  relaxation  time  1*3  of  diBfraction  gratings  (see 
Part  2).  If  one  has  DFWM  scheme  with  parallel  orientation  of  polarization  and  switches  the 
polarization  of  a  probe  signal  to  the  perpendicular  one  with  time  t«  ^3,  the  PC  signal  will 

disappear  for  a  while  of  r  3.  Hence,  in  the  case  of  parallel  orientation  the  backscattered  radiation 
was  a  result  of  the  coherent  interaction  of  the  waves  in  nonlinear  medium  (diBfraction  on 
gratings). 

Thus,  on  the  basis  of  these  studies  of  the  backscattered  radiation  it  was  experimentally  proven 
that  the  reflected  radiation  was  a  PC  signal  and  that  the  signal/noise  ratio  exceeded  100  under  the 
experimental  conditions. 
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3.2.5.  Two  mechanisms  of  phase  conjugation  of  CO2  laser  radiation  at  DFWM  inside 
inverted  medium 

The  time-history  of  the  PC  process  (a  formation  of  diffraction  gratings,  their  transformation  in 
time  etc.)  influences  on  time-behaviour  of  the  PC  signal.  Fig.  3.24  demonstrates  the  profiles  of  the 
probe  (laser)  pulse  (curve  1)  and  PC  signal  (curve  2)  obtained  in  our  experiments  on  PC  at 
DFWM  in  inverted  medium  of  CO2  laser  for  different  experimental  parameters.  One  can  see  from 
the  figure  that  the  profile  for  the  PC  signal  differs  strongly  from  that  of  the  probe  signal.  This 
difference  between  the  profiOles  influences  on  time-history  of  the  PC  reflectivity  (PCR  or  i?, 
curve  3),  defined  as  an  intensity  ratio  for  PC  and  probe  signals  {R-hIh).  In  [20]  they  suggested 
the  comphcated  structure  of  PCR  pulse  to  involve  two  mechanisms  of  formation  for  diffraction 
gratings  inside  an  active  medium  of  CO2  laser.  It  is  shown  in  this  chapter,  that  under  the  condition 
of  our  experiment  these  two  mechanisms  do  determine  the  time-behaviour  for  PC  signal  and  PCR 
pulse. 

To  study  the  temporal  behaviour  of  the  PC  process  at  DFWM  inside  the  CO2  laser  active 
medium  the  experiments  were  carried  out  for  two  cases  of  cavity  Q  factor  and  for  three  values  of 
specific  input  energy.  The  intensity  ratio  ^  =  IJh  for  the  probe  and  co-propagating  pumping  wave 
in  our  experiments  was  held  constant  for  a  given  Q  factor.  The  origin  of  the  time  axis  corresponds 
to  the  beginning  of  the  input  energy  pulse.  The  normalized  intensity  of  the  radiation  pulse  and  PC 
signal  are  marked  on  the  vertical  axis.  To  compare  the  time  properties  of  the  pulses  the  unit  of  the 
vertical  axis  corresponds  to  the  maximal  characteristic  of  each  signal.  The  case  of  high  Q  factor 
(Rout  =  65%,  ^  =  50)  is  shown  at  the  right  and  low  Q  (Rout  =  7.5%,  ^  =  5,7)  -  at  the  left  side  of  the 
figure.  Top  graphs  (Fig.  3.24a,d)  correspond  to  the  specific  input  energy  of  120  Matm.  The 
graphs  for  input  energies  190  and  280  Matm  (Fig.  3.24b,e  and  Fig.  3.24c,f,  respectively)  are 
located  below.  It  should  be  noted  that  transient  pulse  profiles  shown  in  Fig.  3.24  represent  an 
envelope  of  high  frequency  intermode  beating  (see  chapter  3.2.2). 

The  front  parts  of  the  probe  wave  and  of  the  PC  signal  (curves  1,2,  respectively,  Rout  =  65%, 
280  J/ 1  atm,  ^  =  50)  are  presented  in  Fig.  3.25  with  hi^er  time  resolution.  It  is  clear  that  the  front 
of  the  PC  signal  nearly  repeats  the  front  of  the  probe  pulse  with  some  delay.  The  time-history  of 
PC  reflectivity  (Fig.  3.25,  curve  3)  has  the  same  profile  at  the  beginning  of  the  pulse.  This  fact 
indicates  the  prevailing  role  of  non-inertial  mechanism  at  the  front  of  the  pulse.  It  is  possible  to 
suggest  that  the  resonance  (practically  non-inertial)  mechamsm  of  PC  does  play  the  determining 
role  at  the  beginning  of  the  laser  pulse.  However,  on  the  basis  of  the  experimental  data  only 
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without  supporting  them  by  theoretical  analysis,  it  is  difficult  to  analyze  the  contribution  of  various 
mechanisms  into  the  transient  PC  process. 

All  the  diagrams  for  PC  intensity  (Fig.  3.24,  curve!)  were  characterized  by  a  second 
tnavitmiTn  (a  “hump”).  The  maximum  was  located  at  an  interval  of  3-5  |rs  behind  the  front  of  the 
pulse.  This  approximately  corresponds  to  the  formation  time  of  the  thermal  nonlinearity  on  a 
large-scale  grating.  Analyzing  the  transient  PC  behaviour  it  is  clear  that  the  relative  role  of  the 
inertial  mechanism  increases  with  decreasing  specific  input  energy  and/or  with  decreasing  Q  factor 
of  the  optical  resonator  (see  next  chapter). 

Thus,  the  time-history  of  the  PC  signal  does  not  repeat  that  of  the  probe  wave.  The  first  peak 
of  the  PC  signal  has  approximately  the  same  sharpness  as  the  probe  wave.  The  delay  of  the  PC 
pulse  with  respect  to  the  probe  wave  was  less  than  0.2  [is.  The  time-history  of  the  PC  signal  can 
be  explained  by  the  participation  of  two  main  mechanisms  of  nonlinearity  (resonance  and  thermal) 
in  the  PC  process,  the  resonance  mechanism  (with  the  formation  time  less  than  ~10  ^  s)  being 
responsible  for  the  first  peak,  and  the  inertial  (with  a  response  time  of  ~5  |j.s)  thermal  mechanism 
affecting  the  second  part  of  the  pulse.  To  study  the  mfluence  of  these  mechanisms  on  the  PC 
process  at  DFWM  inside  the  active  medium  of  CO2  laser  a  comparison  of  the  experimental  and 
theoretical  data  was  undertaken. 

To  analyze  the  PC  process  the  time  behaviour  of  PC  reflectivity  (R)  is  normally  considered. 
However,  the  experimental  determination  of  R  as  the  relationship  between  the  intensities  of  PC 
signal  and  probe  wave  caused  a  significant  error,  especially  at  the  first  peak  of  the  probe  wave. 
Therefore  to  compare  experimental  and  theoretical  data  the  intensity  of  the  PC  signal  was 
considered  (Fig.  3.26)  in  this  research.  The  experimental  data  (Fig.  3.26,  curve  1)  were  compared 
with  the  data  obtained  by  numerical  calculations  for  two  considered  mechanisms  of  nonlinearity 
(Fig.  3.26,  curves  2,3).  The  case  of  high  Q  factor  (  Rout  =  65  %,  ^  =  50)  is  shown  at  the  right  and 
low  Q  (Rout  =  7.5  %,  ^  =  5,7)  -  at  the  left.  Top  graphs  Fig.  3.26a,d  correspond  to  specific  input 
energy  120  J/1  atm.  The  graphs  for  input  energies  190  and  280  J/1  atm  (Fig.  3.26b,e  and 
Fig.  3.26c,f,  respectively)  are  located  below.  The  start  point  of  the  time  axis  corresponds  to  the 
beginning  of  the  input  energy  pulse.  The  normalized  intensity  of  the  radiation  pulse  is  marked  at 
the  vertical  axis.  To  compare  the  time  properties  of  radiation  pulses  the  tmit  of  the  vertical  axis 
corresponded  to  the  maximum  intensity  of  each  pulse. 

The  comparison  of  the  experimentally  obtained  profiile  of  the  PC  signal  pulse  and  of  the  value 
calculated  for  each  mechanism  of  nonlinearity  shows  that  one  of  them  not  capable  to  describe 
temporal  properties  of  PC  process.  However,  it  is  possible  to  allocate  the  prevailing  role  to  one 
mechanism  in  certain  temporal  interval  of  the  pulse.  In  particular,  the  first  peak  of  the  PC  signal 
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can  be  described  only  with  the  resonance  mechanism  of  nonlinearity.  It  should  be  noted  that  the 
sharpness  of  the  first  peak  of  the  theoretical  PC  signal  depends  on  initial  value  of  gain  for  the 
resonance  mechanism  (Fig.  3.26  curve  2).  Thus,  the  growth  of  the  front  part  of  the  first  peak  of 
the  experimental  PC  signal  at  increasing  specific  input  energy  and/or  with  Q  factor  (Fig.  3.26 
curve  1)  indicates  a  resonance  mechanism  of  nonlinearity. 

After  the  fibrst  peak  of  the  PC  signal  the  contribution  of  the  resonance  mechanism  is  reduced 
due  to  a  decrease  of  the  gain  in  active  medium.  On  the  other  hand  the  contribution  of  much  more 
inertial  mechanism  (thermal  one)  to  the  PCR  increases  during  the  probe  pulse  as  a  result  of  an 
accumulation  of  thermal  effects  and  an  increase  of  spatial  modulation  of  the  thermal  grating.  All 
these  factors  lead  to  the  increase  of  importance  of  thermal  nonlinearity  on  the  further  stage  of  the 
PC  process.  A  comparison  of  experimental  and  theoretical  data  (Fig.  3,26  curves  1,3)  has  shown 
that  the  thermal  mechanism  of  nonlinearity  can  describe  the  observable  time-history  in  the  tail  of 
the  PC  pulse. 

Therefore  two  different  physical  mechanisms  of  creating  diffraction  gratings  inside 
CO2  mverted  medium  should  be  involved  for  physical  description  of  the  PC  process.  An  influence 
of  these  mechanisms  upon  the  PC  process  is  displayed  on  time-behaviour  of  the  PCR.  The 
accurate  definition  of  a  degree  of  participation  of  each  of  these  mechanisms  involves  the 
comparison  of  the  experimental  and  theoretical  data.  We  attempted  such  comparison  for  a  number 
of  experimental  condition.  The  comparison  has  demonstrated  the  coincidence  of  profiles  for  PC 
signal  obtained  experimentally  and  theoretically  (both  for  resonance  and  thermal  nonlinearity)  for 
the  most  of  the  cases.  The  fi*ont  of  the  PC  signal  pulse  can  be  described  by  resonance  mechanism. 
For  a  description  of  the  following  parts  of  the  PC  pulse  the  thermal  mechanism  should  be 
involved.  The  influence  of  this  physical  mechanism,  as  the  most  inertial  one,  prevails  at  the  tail  of 
the  PC  signal.  Besides,  the  theoretical  calculations  (see  Part  2)  offer  the  value  of  an  amphtude  for 
the  PCR  due  to  thermal  mechanism  as  being  much  higher  than  that  observed  in  the  experiment. 
The  cause  of  the  discrepancy  for  the  amplitudes  appears  to  be  connected  with  the  self-influence  of 
laser  radiation  inside  the  active  volume  and  different  physical  factors  which  were  not  included  into 
the  theoretical  model.  These  factors  could  be  the  high-fi’equency  structure  of  laser  and  PC  signal 
(see  Part  4),  optical  non-homogeneity  of  active  medium,  nonconjugation  of  two  laser  intracavity 
waves  etc.  When  Q  factor  of  the  resonator  and/or  specific  input  energy  increasing,  the  optical 
disturbances  of  the  active  medium  rise  also  and  distort  the  most  inertial  thermal  grating. 

As  for  profile  of  PC  signal,  the  coincidence  of  theoretical  and  experimental  results  enabled  us 
to  investigate  the  influence  of  a  number  of  different  parameters  on  PC  mechanisms.  The  mertial 
properties  of  the  thermal  and  resonance  mechanisms  strongly  differs  from  each  other  (formation 
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time  and  life  time  for  amplitude  and  phase  grating  differ  of  the  order  of  magnitude).  We  used  this 
discrepancy  for  estimation  of  share  of  each  of  these  mechanisms  during  parametric  study  of  PC  at 
DFWM  in  active  medium  of  pulsed  CO2  laser.  The  resonance  mechanism  being  less  inertial 
strongly  influences  upon  the  front  part  of  the  PC  signal.  At  the  same  period  of  time  the  thermal 
mechanism  being  more  inertial  practically  does  not  influence  upon  the  characteristics  of  the  PC 
signal.  Studying  the  time-behaviour  of  the  PCR  at  the  tail  of  the  PC  signal,  one  can  estimate  a 
contribution  of  the  thermal  mechanism,  because  the  share  of  the  resonance  mechanism  is  reduced 
strongly,  when  intensity  of  interacting  waves  markedly  decreases  at  the  end  of  the  laser  pulse. 

3.2.6.  Parametric  study  of  the  PC  process. 

PC  of  laser  radiation  at  DFWM  inside  own  inverted  medium  is  a  compUcated  multy-parameter 
process,  characteristics  of  which  are  mutually  depended.  The  parametric  study  itself  is  supposed  to 
deal  with  an  investigation  of  influence  of  various  parameters  on  properties  of  this  process.  The 
principal  energetic  characteristic  of  PC  process  is  a  PC  reflectivity  (PCR  on  energy),  defined  as  an 
energy  ratio  for  PC  signal  and  probe  one.  The  time-behaviour  of  PCR  reflects  the  features  of  PC 
process,  in  particular,  the  role  of  the  two  principal  mechanisms  of  PC  at  DFWM,  existence  of 
which  was  proved  in  the  previous  chapter. 

In  our  experiments  we  investigated  a  dependence  of  the  PC  process  on  following  DFWM  s 
parameters:  specific  input  energy,  Q  factor  of  the  laser  resonator,  gas  pressure,  gas  mixture, 
interaction  angle,  optical  delay,  intensity  ratio,  a  degree  of  linear  polarization  and  spectrum  of  the 
laser  output.  The  object  of  this  research  was  a  study  of  the  mfluence  of  these  parameters  on  the 
relative  contribution  of  those  two  PC  mechanisms  and  on  the  PC  reflectivity. 

Specific  input  energy 

The  effect  of  specific  input  energy  (SIE)  on  PC  process  at  DFWM  in  active  medium  of  CO2 
laser  is  discussed  in  this  chapter.  The  experimental  techniques  for  measurement  of  energetic  and 
temporal  characteristics  are  described  above  (chapter  3.1). 

The  dependence  of  PCR  on  SEE  is  presented  in  Fig.  3.27  (suitable  data  are  in  Table  3.9)  and 
Fig.  3.28.  The  SDE  varied  from  100  up  to  450  J/ 1  atm.  The  experimental  data  were  obtained  for 
various  gas  pressure  0. 1-0.4  atm,  the  reflectivity  of  output  coupler  being  46%  and  intensity  ratio 
/1//3  for  co-propagating  and  probe  waves  being  ~  1.5.  The  other  parameters  are  in  Table  3.8. 
Fig.  3.28  shows  also  the  experimental  data  for  PC  reflectivity  (on  energy)  obtained  for  other  laser 
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mixture  CO2  :  N2  :  He  =  1:5:3  (p  =  0.28  atm)  with  high  nitrogeu  content  and  different  geometry 
of  the  laser  resonator.  The  geometry  enabled  us  to  select  flexibly  the  laser  wavelengths.  All  data 
refer  to  a  PC  reflectivity  rise  with  an  increase  of  SEE.  The  dependence  of  PCR  averaged  over  all 
data  is  linear  one  with  the  rate  of  ~  3%  (kJ/1  atm)  ^  For  data  of  Fig.  3.28  the  suitable  rate  is 
~  8%  (kJ/1  atm)'\  The  maximal  value  of  PCR  (on  energy)  for  condition  of  Fig.  3.27  (laser 
mixture  CO2 :  N2 :  He  =  1:2:4,  p  =  0.4  atm)  is  higher  than  1.5%  and  reaches  ~  2.8%  for  Fig.  3.28 
(laser  mixture  CO2 :  N2  :  He  =  1:5:3,  p  =  0.28  atm),  the  SIE  being  ~400J/latm.  Thus,  our 
experimental  data  demonstrate  the  PCR  to  rise  with  an  increase  of  SIE. 

The  analysis  of  PC  process  in  active  medium  of  CO2  laser  and  analysis  of  a  relative  role  of  two 
principal  PC  mechanisms  when  SEE  is  changed,  is  complicated  because  SIE  determines  a  lot  of 
characteristics  (particularly,  temporal  ones)  of  active  medium  such  as  SSG  time-history  and  its 
Tnavimal  amplitude  (see  chapter  3.2.1)  and  of  laser  itself  (see  time  behaviour  of  the  laser  pulse,  its 
profile  and  length,  intensity  of  the  laser  pulse  and  intracavity  waves  in  chapter  3.2.2).  Thus  the 
temporal  behaviour  of  probe  and  PC  signals  should  be  usefixl  for  the  analysis.  Here  we  use  these 
data,  which  were  discussed  at  the  previous  chapter  3.2.5  for  rmderstanding  how  the  two 
mechanisms  depend  on  SIE. 

To  simplify  the  analysis  of  the  two  mechanisms  the  experimental  data  of  Fig.  3.24  for  PC 
reflectivity  are  presented  separately  in  Fig.  3.29.  The  maximal  value  of  PCR  due  to  resonance 
mechanism,  as  follows  firom  the  theoretical  description  (Part  2,  Fig.  2.2),  takes  place  at  the  vicinity 
of  firont  part  of  the  laser  pulse  (ti<l  |j.s).  The  process  of  thermal  grating  formation  is  characterized 
by  time  of  propagation  of  acoustic  waves  between  the  maximums  of  interference  pattern  X/Q  Vac , 
where  Vac  -  is  a  speed  of  acoustic  wave.  This  time  is,  approximately,  2  jxs  for  gas  mixture 
C02:N2:He  =  1:2:4  and  exceeds  ti.  Besides  the  process  includes  the  relaxation  of  thermal  grating 
with  time  much  longer  than  ti  and  laser  pulse  length  itself  (see  Part  2).  Therefore,  the  share  of 
thermal  mechanism  at  ti  is  very  low  and  PCR  measured  at  ti  =  0.5  |j.s  corresponds  to  a  value  close 
to  maximal  amphtude  PCR  Inasmuch  as  relaxation  time  of  the  thermal  grating  is  much  longer  as 
compared  to  laser  pulse  length  the  PCR  on  this  grating  might  expected  to  increase  as  far  as  the 
laser  pulse  tail  and  its  maximal  value  takes  place  near  the  end  of  laser  pulse  (see  Fig.  2.2;  we  use 
the  level  of  0. 1  of  peak  intensity  for  defiuoition  of  time  t2).  The  theoretical  calcidations  (Part  2)  and 
PCR  growth  normally  observed  at  the  tail  of  the  laser  pulse  demonstrate,  that  PCR  at  time  t2  (R2) 
is  due  to  the  most  inertial  thermal  mechanism.  The  ratio  of  suitable  PCR  (R1/R2  or  R2/R1) 
characterizes  a  relative  role  (or  a  relative  share)  of  each  mechanism  in  PC  process.  We  will  use  the 
ratio  for  the  analysis  of  influence  of  different  parameters  on  PC  mechanisms  in  experimental 
multy-parameter  studying  the  PC  process  in  active  medium  of  CO2  laser. 


65 


The  analysis  of  the  effect  of  SIE  on  relative  role  of  PC  mechanism  shows  (Fig.  3.29),  that  with 
growth  of  SIE  the  share  of  thermal  mechanism  does  not  increase,  at  least  (Fig.  3.29d-f;  a  set  of 
R2/R1  =  4.0;  2. 1;  3.6),  and  for  high  Q-resonator  (Fig.  3.29a-c;  a  set  of  R2/R1  =  8.0;  3.2;  1. 1)  even 
decreases.  On  the  contrary,  the  share  of  resonance  mechanism  R1/R2  increases  with  growth  of 
SIE.  At  the  same  time,  taking  into  consideration  the  growth  of  an  absolute  value  of  PCR  (on 
energy),  the  relative  share  of  resonance  mechanism  increases  together  with  its  absolute 
contribution  to  the  PC  process. 

The  reason  for  the  growth  of  resonance  mechanism  is  exceeding  of  SSG  over  the  threshold 
gain  on  the  laser  pulse  front.  This  exceeding  arises  as  a  result  of  increase  of  SSG  rate  (see 
chapter  3.2.1)  with  increase  of  input  power  (input  power  pulse  length  was  not  altered  during  the 
experiment)  and  results  in  an  increase  of  rate  of  laser  intensity  growing  on  the  laser  pulse  front  and 
a  decrease  of  response  time  of  the  inverted  medium  (see  Part  2).  As  a  result  of  the  phenomenon, 
the  contribution  of  the  resonance  mechanism  to  the  PCR  increases  on  the  front  of  laser  pulse  with 
a  growth  of  SIE,  that  we  did  observe  it  in  our  experiments.  A  comparison  of  experimental  and 
theoretical  profiles  of  PC  signal  front  for  different  output  couplers  confirms  this  conclusion 
(compare  Fig.  3.26a-c  and  Fig.  3.26d-f). 

An  analysis  of  PCR  pulse  profile  (Fig.  3.29)  demonstrates,  that  alteration  of  growth  of  PCR  in 
the  middle  part  and  on  the  tail  of  the  pulse  takes  place  with  an  alteration  of  SEE.  The  growth  of  the 
PCR  towards  the  tail  of  PCR  pulse  refers  to  the  predominating  role  of  the  most  inertial  (thermal) 
mechanism.  The  alteration  of  rate  of  the  PCR  pulse  growth  refers  to  the  fact,  that  the  temporal 
properties  of  this  mechanism  and  first  of  all  the  relaxation  time  of  thermal  grating  are  being 
changed  during  the  laser  pulse.  Therefore  the  decrease  of  rate  of  PCR  at  the  second  half  of  the 
pulse  with  SIE  rise  (Fig.  3.29)  testifies  the  decrease  of  relaxation  time  of  thermal  grating.  In  case 
of  high  Q  resonator  the  alteration  of  PCR  pulse  rate  is  very  strong  (Fig.  3.29a-c).  One  can  observe 
even  a  decrease  of  PCR  on  the  pulse  tail  for  maximal  SIE  of  280  J/1  atm  (Fig.  3.29c)  unlike  in 
different  cases  presented  m  Fig.  3.29.  Even  an  oscillatory  regime  of  PCR  takes  place  under 
condition  of  Fig.  3.29h.  These  two  cases  (Fig.  3.29b,c)  are  very  interesting  because  enable  us  to 
estimate  an  effective  (for  both  mechanisms)  response  time  of  PC  process,  which  corresponds  to  an 
approach  to  the  steady-state  PCR  and  is  comparable  with  or  even  less  (for  these  cases)  than  laser 
pulse  length  (10-15  ps).  It  should  he  noted  that  just  for  these  cases  the  PCR  profile  in  the  middle 
part  and  on  the  tail  of  the  pulse  is  different  from  the  theoretical  results  (see  Fig.  3.26b,c,  curve  3) 
and  approaches  to  the  calculated  profile  for  the  resonance  mechanism  (with  lower  relaxation  time; 
see  Fig.  3.26b,c,  curve  2). 
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With  SHE  growdi  the  intensity  of  intracavity  waves  increases.  When  intensity  ratio  for  co¬ 
propagating  and  probe  waves  is  kept  constant,  an  ampUtude  of  a  spatial  modulation  of  intensity  in 
active  medium  also  increases.  As  a  result  the  alteration  of  laser  induced  heat-liberation  in  active 
medium  takes  place.  The  heat-hberation  is  both  a  source  of  thermal  grating  formation  and  optical 
disturbances  inside  the  active  medium  (self-influence  of  laser  radiation,  shock  waves  etc.)  and  can 
involve  the  thermal  grating  decay,  especially,  in  high  Q  resonator.  As  a  result,  the  effective 
relaxation  time  for  thermal  grating  can  be  reduced  and  prevent  from  accumulation  of  thermal 
grating  amplitude  and  higher  contribution  of  the  mechanism  to  the  PC  process.  These  disturbing 
factors  have  been  already  discussed  in  the  previous  chapter  and  theoretical  Part  2,  as  ones  possibly 
being  the  reason  for  discrepancy  between  experimental  and  theoretical  results  both  for  PCR  pulse 
profile  in  case  of  high  Q  resonator  (Fig.  3.26b, c)  and  a  value  of  PCR  (on  energy)  itself  for  thermal 
mechanism  of  PC. 

The  comparison  between  experimental  and  theoretical  results  for  PCR  (on  energy)  at  gas 
pressure  of  0.28  atm  is  presented  in  Fig.  3.28  (theoretical  data  are  taken  from  Table  2.3  calculated 
for  experimental  conditions  of  Fig.  3.24).  One  can  easily  see  that  experimental  results  one  eighth  - 
one  twentieth  times  as  much  as  theoretical  ones.  This  discrepancy  appears  to  take  place  due  to  an 
alteration  of  thermal  grating  relaxation  time,  i.e.  inertial  accumulating  property  of  the  grating 
imder  the  influence  of  disturbances  in  active  medium. 

Thus  we  discussed  the  dependence  of  PCR  at  DFWM  in  active  medium  of  CO2  laser  on  SIE  in 
the  range  of  100  -  450  J/1  atm.  The  PCR  increases  with  a  growth  of  SEE,  the  relative  contribution 
of  resonance  or  amplitude  mechanism  into  PC  process  rising  also.  The  consideration  of  extra 
factors  such  as  disturbance  of  active  medium  etc.  is  needed  for  adequate  description  of  thermal 
PC  mechanism. 


Q  factor  of  optical  resonator 

The  Q  factor  of  optical  resonator  affects  the  intensity  of  intracavity  waves,  gain  and  profile  of 
laser  pulse  (see  chapter  3.2.2).  Nonlinear  properties  of  the  active  medium,  which  are  reflected  in 
nonlinear  effects  such  as  PC,  involves  the  intensity  of  the  electromagnetic  waves  propagated 
through  the  medium.  The  inteiTelation  between  Q  factor  and  intracavity  intensity  is  a  nonlinear 
one,  inasmuch  as  the  same  nonlinear  effects  (gain  saturation,  laser  induced  heat  liberation  etc.), 
which  result  in  producing  PC  signal  at  DFWM  in  laser  active  medium,  take  part  in  producing  laser 
pulse  itself  Therefore,  as  a  matter  of  fact,  the  study  of  the  effect  of  Q  factor  on  PC  reflectivity  in 
our  experiments  is  the  research  of  influence  of  intracavity  waves  intensity  on  properties  of  PC 
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process  at  DFWM  of  CO2  laser  radiation.  In  the  experiments  the  main  attention  was  paid  to  the 
study  of  influence  of  Q  factor  on  temporal  behavior  of  PC  process. 

The  Q  factor  of  the  resonator  was  changed  by  altering  a  reflectivity  of  the  output  coupler, 
which  amounted  to  7.5%;  45%  and  65%  in  the  set  of  experiments.  The  experimental  results  are 
presented  in  Fig.  3.24  and  have  been  aheady  used  for  comparison  with  the  theoretical  results 
(Fig.  3.26)  with  a  purpose  of  understanding  of  the  main  mechanisms  (chapter  3.2.5).  Here  we  will 
use  these  results  concerning  a  relative  role  of  the  two  main  mechanisms  for  studying  the  Q  factor 
aflfect  on  these  mechanisms.  The  profiles  of  probe  and  PC  signals  and  PC  reflectivity  for  the  three 
values  of  Q  factor  (Rout  =  7.5%;  45%  and  65%)  at  the  SIE  of  280  M  atm  (see  other  parameters  at 
Table  3.8)  are  presented  in  Fig.  3.30  in  addition  to  data  of  Fig.  3.24. 

A  change  of  reflectivity  of  the  output  coupler  and,  hence,  the  change  of  useful  optical  losses 
leads  to  the  change  of  the  threshold  gain,  which  amounts  to  1.1,  0.33  and  0.18  m  for 
Rout  =  7.5%;  45%  and  65%,  respectively.  It  should  be  noted,  that  averaged  SSG  for  SIE  of 
280  J/1  atm  is  1.7  m‘^  (see  chapter  3.2.1).  At  the  same  SIE  the  change  of  Rout  results  in  changing 
time  delay  of  laser  pulse  and  also  its  length,  profiOie  and  intensity  (Fig.  3.30).  The  alteration  of  the 
laser  pulse  length  influences  upon  maximal  PCR  of  the  most  inertial  (thermal)  mechanism  of  PC. 
The  alteration  of  intensity  ratio  I/h  (where  /  is  an  intracavity  intensity),  so  called  the  degree  of 
gain  saturation  (DGS),  taking  place  when  Q  factor  is  changed,  affects  the  two  PC  mechanisms. 
Theoretical  calculations  demonstrated  (Part  2)  that  the  maximal  PCR  takes  place  at  DGS  close  to 
1.0.  The  DGS  for  active  medium  involves  a  Q  factor  and  SSG.  The  DGS  approaches  to  1.0  when 
decreasing  Q  factor  and/or  difference  between  SSG  and  threshold  gain. 

The  analysis  of  influence  of  Q  factor  on  profile  of  PCR  pulse  demonstrates,  that  maximal  peak 
PCR  shifts  to  the  pulse  tail  (Fig.  3.30)  when  Q  factor  decreases.  However,  the  relative  share  of  the 
thermal  mechanism  (see  the  definition  in  previous  chapter)  decreases.  The  decrease  of  the  share  of 
the  thermal  mechanism  is  connected  with  an  increase  of  PCR  (on  intensity)  for  resonance 
mechanism  at  DGS  ^  1,  on  the  one  hand,  and  with  a  decrease  of  the  peak  value  of  PCR  for 
thermal  mechanism,  on  the  other  hand,  as  a  result  of  shortening  laser  pulse  length,  that  prevents 
Jfrom  phase  grating  amphtude  accumulating. 

In  case  of  high  Q  factor  (Fig.  3.30a)  the  temporal  behaviour  of  PCR  is  characterized  by 
oscillation  taking  place  after  maximal  value  of  PCR.  In  previous  chapter  we  came  to  the 
conclusion,  that  such  PCR  behaviour  is  connected  with  influence  of  active  medium  disturbances 
upon  the  thermal  grating  (see  Fig.  3.24).  Thus  the  analysis  of  the  experimental  data  has  shown  that 
a  decrease  of  Q  factor  results  in  a  decrease  of  influence  of  disturbing  factors  in  active  medium  on 
thermal  mechanism  of  PC  because  of  decreasing  intracavity  waves  intensity.  Together  with  this 
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effect  the  shortening  of  the  pulse  length  at  low  Q  factor  prevents  from  rise  or  accumulation  of 
thermal  grating.  As  a  result  the  PCR  (on  energy)  is  only  1.2  -1.5  times  as  much  as  that  of  high  Q 
cavity  with  reflectivity  of  output  coupler  of  65%.  The  difference  between  PCR  for  output  mirrors 
with  45%  and  65%  reflectivity  lies  within  the  error  of  PCR  measurements.  The  difference  in  PCR 
for  various  Q  factors  enables  us  to  compare  the  contribution  of  resonance  mechanism  to  PCR 
with  that  of  thermal  one.  Actually,  the  PCR  on  energy  is  a  PCR  on  intensity  integrated  over  the 
pulse  length.  The  rise  of  relative  share  of  resonance  mechanism  and  PCR  on  energy  at  low  Q 
factor  refers  to  an  increase  of  the  maximal  value  of  PCR  on  resonance  grating.  Such  increase  is 
due  to  decreasing  intracavity  waves  intensity  and  its  approach  to  the  saturation  intensity 
(DGS  1). 

It  should  be  noted  that  a  change  of  Q  factor  in  our  experiments  results  in  a  change  of  optical 
quahty  of  PC  signal  defined  as  an  angular  divergency  ratio  for  probe  and  PC  signals  (see 
chapter  3.1).  The  best  optical  quality  of  PC  reflection  was  observed  for  high  Q  factor  resonator 
with  reflectivity  of  the  output  coupler  of  80%.  When  decreasing  Q  factor  (45%  and  8%  output 
coupler  reflectivity),  the  optical  quality  decreases  1.4  times  and  is  half  as  much  as  that  of  high  Q 
resonator.  The  optical  quality  rise,  when  Q  factor  increasing,  is  connected  with  a  change  of  inertial 
property  of  PC  process  as  a  result  of  a  decay  of  thermal  grating  and  hence,  the  decrease  of  its 
response  time  xmder  the  influence  of  disturbing  factors  in  the  active  medium  described  in  the 
previous  chapter. 

Thus  we  demonstrated  that  Q  factor  decreasing  leads  to  the  PCR  (on  energy)  rise  on  20-50% 
as  a  result  of  intracavity  intensity  weakening  and  its  approaching  to  the  saturation  intensity. 
Together  with  this  we  observed  an  increase  of  relative  role  of  the  resonance  mechanism  of  PC. 
The  best  optical  quality  of  PC  signal  was  observed  for  CO2  laser  with  high  Q  resonator  due  to  a 
decrease  of  thermal  grating  response  time  because  of  decay  of  the  grating. 

Gas  pressure 

The  results  of  the  experiments  on  effect  of  gas  pressure  on  PC  process  at  DFWM  of  CO2  laser 
in  active  medium  are  discussed  in  this  chapter.  As  gas  pressure  (p)  rises  the  alteration  of  a  number 
of  properties  of  laser  active  medium  takes  place  because  of  a  growth  of  inter-molecular  collision 
rate  and  a  decrease  of  free-running  length: 

•  there  is  a  decrease  of  relaxation  time  of  laser  levels,  trei 

•  there  is  an  increase  of  spectral  width  of  laser  gain,  Av--p; 

•  there  is  an  increase  of  saturation  intensity  4  p^  due  to  both  factors  mentioned  above; 
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•  there  is  a  decrease  of  coefl5cients  of  difihision  D  ~  1/p  and  temperature  conductivity 
X  ~  1/p,  that  leads  to  an  increase  of  relaxation  time  of  temperature  and  density  fluctuations  in  gas 
medium,  and,  hi  case  of  DFWM,  to  an  increase  of  a  proper  relaxation  time  for  amplitude  and 
phase  diffraction  gratings. 

Thus  gas  pressure  influences  upon  nonlinear  and  relaxation  properties  of  laser  active  medium, 
which  the  PC  process  depends  upon. 

Gas  pressure  varied  from  0. 1  atm  up  to  0.8  atm  in  our  experiments.  The  alteration  of  PCR  (on 
energy)  with  gas  pressure  was  studied  for  laser  mixture  C02:N2:He=l:2:4  (SIE  ~250  J/latm; 
output  coupler  reflectivity  46%).  The  PCR  values  were  averaged  on  a  number  of  experiments. 
The  results  are  presented  in  Table  3. 10  and  Fig.  3.31.  The  analysis  of  the  experimental  data  shows 
the  PCR  rise.  The  maximal  rate  of  PCR  growing  is  observed  for  low  gas  pressure  less  than 
0.2  atm  and  gas  pressure  higher  than  0.4  atm.  The  maximal  PCR  for  this  set  of  the  experiments 
amoimted  1.8%  for  gas  pressure  0.56  atm.  There  is  a  “plateau”  in  Fig.  3.3 1  for  gas  pressure  in  the 
range  of  0.2  -  0.4  atm,  i.e.  die  PCR  is  not  changed  within  the  errors  of  the  measurement. 

The  output  energy  of  CO2  laser  increases  with  gas  pressure  rise  because  of  the  growth  of  the 
number  of  active  molecules,  hence,  the  intracavity  intensity  also  increases.  The  intensity  growth 
results  in  disturbances  of  laser  active  medium.  These  disturbances  lead  to  an  alteration  of  temporal 
properties  of  PC  process  in  active  medium  and,  first  of  aU,  of  the  most  inertial  thermal  PC 
process.  Therefore  the  cause  of  dependence  observed  should  be  looked  for  by  analyzing  the 
temporal  behaviour  of  PC  process. 

The  temporal  profiles  for  probe,  PC  and  PCR  signals  are  presented  in  Fig.  3.32  and  Fig.  3.33 
(gas  pressure  0.8;  0.56;  0.42  and  0.28  atm)  for  two  Q  factors  corresponding  to  output  coupler 
reflectivities  of  65%  (Fig.  3.32)  and  8%  (Fig.  3.33).  Gas  pressure  rise  leads  to  laser  pulse 
shortening  (5-8  (rs),  to  an  increase  of  time-delay  (1-3  fxs)  and  “smoothing”  its  front  part.  The  laser 
pulse  shortening  is  due  to  a  growth  of  induced  radiation  transition  rate.  It  should  be  noted  that  for 
keeping  the  same  SDE  of  ~  250  J/1  atm  with  pressure  rise  the  specific  field  strength  E/p  was 
diminished  that  led  to  a  growth  of  direct  gas  heating  and,  hence,  to  lowering  SSG  and  an  increase 
of  time  delay.  Besides,  for  this  set  of  experiments,  we  altered  such  parameters  as  input  power  and 
its  duration  (t/„~40  p,s)  in  order  to  lower  the  shock  loading  (for  gas  pressxires  higher  than 
0.5  atm,  in  particular)  on  the  foil  separating  e-gun  from  the  laser  chamber. 

The  typical  feature  nearly  for  all  of  the  PCR  pulses  is  PCR  rise  in  the  raid  of  laser  pulse,  where 
PCR  reaches  its  maximal  value  (the  end  of  laser  pulse  proved  to  be  cut  off  in  Fig.  3.32b).  One  can 
observe  the  interrelation  between  the  rate  of  PCR  growth  in  the  end  of  laser  pulse  and  laser 
intensity  such  as  an  increase  of  the  rate  with  an  intensity  decrease.  By  analysis  of  temporal 
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diagrams  of  Fig.  3.32  and  Fig.  3.33  one  can  see  that  the  temporal  behaviour  of  PCR  pulse  in  its 
middle  part  is  also  determined  by  intensity.  In  particular,  one  can  see  from  Fig.  3.32b,  where  the 
part  of  the  pulse  analyzed  is  circled,  that  a  fast  growth  of  the  intensity  of  the  probe  signal  is 
accompanied  by  profile  changing  and  diminishing  PC  signal  intensity  with  time  delay  of  1-2  p,s. 

All  the  features  of  PC  and  PCR  pulses  described  display  themselves  more  distinctly  on  the 
temporal  diagrams  in  Fig.  3.33  {Rout  ~  8%)  and  in  particular  in  Fig.  3.33d,  where  an  alteration  in 
middle  part  of  PC  signal  with  intensity  changing  is  rather  stronger,  than  in  Fig.  3.32b.  However, 
one  should  take  into  account  the  fact,  that  in  this  set  of  the  experiments  the  intensity  of  the  probe 
signal  was  twice  as  much  as  that  of  co-propagating  wave  (///r^O.  J),  though  was  less,  of  course, 
than  total  intracavity  intensity.  Li  this  case  the  probe  wave  strongly  affects  the  process  of 
formation  of  laser  radiation  (see  chapter  3.2.4). 

The  temporal  behaviour  of  PC  signal  reflects  the  effect  of  disturbances  on  laser  radiation.  One 
can  see  from  Fig.  3.33  and  Fig.  3.32,  that  with  gas  pressure  rise  the  effect  of  disturbance  in  active 
medium  on  PC  process  increases  and  takes  an  oscillatory  feature  with  a  period  of  ~  2  |4,s  at  gas 
pressure  higher  than  0.4  atm.  It  should  be  noted  that  the  same  oscillatory  temporal  behaviour  is 
observed  when  rising  SIE  at  lower  pressure  (see,  for  example  Part  4,  Fig.  4.2  for  SIE  of 
300  J/1  atm).  The  period  corresponds  to  acoustic  wave  period  determined  by  space  between 
interference  maximums  of  grating  inside  active  medium.  The  source  of  the  disturbances  seems  to 
be  laser  beam  itself  spatially  restricted  in  laser  cavity  and  existence  of  spatial  profile  of  laser  beam. 
While  weakening  the  intracavity  intensity  in  the  end  of  laser  puke,  the  source  of  disturbances  is 
weakened  ako  and  PCR  rises  on  account  of  relaxation  time  rise  and  accumulation  of  the  thermal 
grating. 

The  PC  signal  rise  towards  the  end  of  the  laser  puke  testifies  the  prevailing  role  of  the  most 
inertial  thermal  mechanism  of  PC  process.  The  R2/R1  ratio,  which  characterizes  the  role  of  the 
thermal  mechankm  (see  previous  chapters)  was  maximal  one  for  PC  puke  of  Fig.  3.32a  (0.8  atm). 
The  comparison  of  the  ratio  for  all  other  profiles  indicates,  that  the  higher  pressure  k,  the  higher 
role  of  the  thermal  mechanism  of  PC.  However,  the  PCR  rise  in  the  middle  part  of  the  laser  puke 
k  restricted  by  effect  of  disturbances  induced  by  laser  radiation  on  life  time  of  thermal  grating. 

It  should  be  noted  that  in  PC  process  theory  (Part  2),  they  considered  the  case  of  plane  waves, 
i.e.  the  influence  of  laser  induced  disturbances  in  active  medium  on  diffraction  grating  and  on 
alteration  of  behaviour  of  it  for  spatially  restricted  laser  beam  was  not  taken  into  account. 
Therefore,  the  experimental  dependence  of  PCR  (on  energy)  on  gas  pressure  (Fig.  3.28)  strongly 
differs  from  theoretical  one  (Fig.  2.7)  both  on  ampUtude  and  profile.  The  main  dkagreement  k  in 
the  rate  of  PCR  growth  with  gas  pressure  rise.  The  theoretical  calculations  provide  nearly  square 
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dependence  of  PCR  on  gas  pressure  that  could  be  explained  by  square  rise  of  saturation  intensity. 
The  experimental  data  indicates  the  “plateau”  for  dependence  of  PCR  on  gas  pressure  at  the 
pressure  range  of  0,2-0.4  atm.  The  existence  of  the  plateau”  seems  to  take  place  because  of  a 
balance  between  PCR  rise  with  a  decrease  of  active  medium  saturation  (see  Part  2)  and  a  growth 
of  laser  induced  disturbances  in  active  medium,  that  decreases  the  relaxation  time  of  thermal 
grating  and  diminishes  PCR  with  gas  pressure  rise.  The  mfluence  of  these  disturbances  is 
displayed,  in  the  most  extent,  in  the  middle  part  of  the  PC  pulse  with  maximal  laser  intensity. 
When  rising  gas  pressure  higlier  tlian  0.4  atm  a  growth  of  nonlinearity  coefficient  for  the  medium 
prevails  over  the  influence  of  these  disturbances  and  PCR  keeps  on  its  rising.  Thus  it  follows  from 
the  analysis  of  time  history  of  PC  and  PCR  signals,  that  the  contribution  and  the  role  of  the 
thermal  PC  mechanism  increases  with  gas  pressure  rise,  however,  relaxation  properties  of 
diffiaction  grating  are  changed  during  pulse  length  (relaxation  time  is  diminished  in  the  middle  part 
of  the  laser  pulse)  under  the  disturbances  in  active  medium  of  CO2  laser.  These  factors  leads  to  a 
decrease  of  PCR  (on  energy)  and  an  alteration  of  character  of  dependence  of  PCR  on  gas  pressure 
compared  to  the  results  of  the  theoretical  calculations. 

Laser  gas  mixture 

The  influence  of  CO2  laser  gas  mixture  content  on  the  properties  of  PC  process  at  DFWM  is 
discussed  in  this  chapter.  Apart  from  CO2  the  main  components  of  the  gas  mixture  are  as  follows: 
nitrogen  as  a  reservoir  of  vibrational  energy  and  heUum  as  a  buffer  gas.  Thus  the  main  attention 
was  paid  to  the  effect  of  these  components  on  the  PC  process. 

In  our  experiments  we  used  three  gas  mixtures  C02:N2:He  =  1:2:4  (standard  one);  1:5:3  (with 
high  nitrogen  content)  and  1:2:7  (with  high  hehum  content)  at  gas  pressure  of  0.28  atm. 

The  maximal  PCR  (on  energy)  of  2.8%  was  observed  for  gas  mixture  1:5:3,  the  PCR  for  gas 
mixture  1:2:4  being  1.8%  and  for  1:2:7  being  1.4%.  Thus  an  increase  of  partial  pressure  for 
nitrogen  leads  to  PCR  rise.  The  reason  of  the  PCR  rise  seems  to  be  a  decrease  of  relaxation  rate 
for  vibrational  energy  and  a  decrease  of  heat-liberation  power  in  active  medium,  because  a  main 
part  of  vibrational  energy  is  stored  on  long-life  levels  of  nitrogen  molecules  and  a  content  of 
helium,  which  depopulates  a  low  laser  level,  is  low.  The  decrease  of  relaxation  rate  proves  to  lead 
to  a  growth  of  laser  induced  nonlinear  process  of  relaxation  and  PCR  rise. 

The  temporal  behaviour  of  PC  process  for  laser  mixture  1:5:3  is  presented  on  Fig.  3.34.  Due 
to  the  decrease  of  vibrational  relaxation  rate  one  can  see  much  more  clearly  both  two  PC 
mechanisms  separately  (compare  Fig.  3.34  and  Fig.  3.30b):  amphtude  mechanism  at  the  front  part 
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of  laser  pulse  and  thermal  one  at  the  rear  part.  The  same  situation  seems  to  take  place  when  lower 
input  power  at  the  same  SE  is  used  for  laser  pumping  (see  Fig.  4.2).  It  should  be  pointed  out  that 
the  maximal  PCR  for  resonance  mechanism  is  approximately  the  same  like  for  thermal  one,  re. 
the  ratio  R2/Ri«l.  Again  the  role  of  resonance  mechanism  is  comparable  with  thermal  one. 

A  degree  of  linear  polarization  of  laser  beam 

In  the  previous  chapters  we  have  discussed  the  experimental  data  concerning  strong  PCR 
dependencies  on  different  parameters.  But  parametric  study  should  also  indicate  the  parameters, 
which  render  little  if  any  influence  upon  PC  process.  One  of  such  parameters  seems  to  be  a  degree 

of  linear  polarization  (DLP)  of  the  CO2  laser  beam. 

Every  time  in  our  experiments  the  CO2  laser  radiation  had  a  particular  plane  of  polarization. 
The  DLP  exceeded  99.5%  with  a  use  of  laser  chamber  output  windows  situated  under  the 
Brewster  angle  to  the  optical  axis.  But  even  in  the  case,  when  the  output  windows  were 
perpendicular  to  the  optical  axis  and  then  were  tilted  at  the  angle  of  ~  5®  in  mutually  perp^dicular 
planes,  the  DLP  exceeded  95%.  The  existence  of  a  few  intracavity  folding  mirrors  seems  to  be  a 
cause  for  the  phenomenon.  By  using  an  extra  plane  plate  situated  inside  the  laser  resonator  under 
the  variable  angle  to  the  optical  axis,  we  could  decrease  the  DLP  down  to  10%,  the  output  energy 
decreasing  of  10%. 

The  theory  (Part  2)  considered  DLP  as  being  100%.  To  study  the  influence  of  the  DLP  on  the 
PC  process  we  carried  out  the  experiment  on  DFWM  with  two  different  DLP  of  95%  and  10%, 
SEE  being  200  J/1  atm.  For  the  two  DLP  we  obtained  PCR  of  1.30%  and  1.25%  averaged  over 
the  results  of  series  of  the  experiment,  i.e.  there  was  no  difference  between  PCR  within  the 
accuracy  of  the  measurements.  Thus  the  DLP  does  not  influence  upon  PC  process. 

Spectral  range  of  CO2  laser  radiation 

In  this  chapter  we  compare  the  results  on  PC  experiments  for  two  spectral  ranges  (9.6  jam  and 
10.6  |xm)  of  CO2  laser.  Experimentally  the  particular  range  was  chosen  by  using  particular  optical 
windows  for  the  laser  chamber:  NaCl  or  BaF2.  In  case  of  BaF2  we  had  lasing  in  9.6  fim  range 
(two  strong  lines;  see  chapter  3.2.2),  and  in  case  of  NaCl  in  10.6  pm  range  (one  strong  line 
P(20)).  The  output  energy  of  9.6  pm  laser  was  0.85  times  as  much  as  that  of  10.6  pm  laser  for  the 
same  parameters  of  the  laser.  The  temporal  behaviour  of  gain  and  laser  pulse  was  proved  to  be  the 
same  one  for  diJfferent  spectral  bauds. 
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The  PCR  (on  energy)  averaged  over  a  set  of  experiments  demonstrated  that  PCR  for  9.6  pm 
band  was  0.7-0.8  times  as  much  as  that  obtained  for  10.6  pm  spectral  band.  A  comparison  of  the 
temporal  behaviour  of  PCR  for  the  two  spectral  bands  showed,  that  the  effect  of  disturbances 
inside  active  medium  on  PC  process  (the  phenomenon  is  described  in  previous  chapters)  is 
stronger  to  some  extent  for  9.6  pm  band  over  10.6  pm  one. 

Interaction  angle  of  DFWM 

The  results  of  experiments  on  effect  of  an  angle  between  the  directions  of  propagation  of 
interacting  waves  at  DFWM  on  PC  process  for  CO2  laser  are  discussed  in  this  chapter. 

The  experiments  were  carried  out  for  gas  mixture  C02:N2:He=  1:2:7  at  gas  pressure  of 
0.25  atm,  the  laser  aperture  being  20  mm.  Fig.  3.35  demonstrates  the  experimental  dependence  of 
PCR  on  the  interaction  angle  withia  the  range  of  15-40  mrad  (data  in  Table  3.11).  The  PCR  (on 
energy)  can  be  seen  from  the  figure  to  drop  very  rapidly  with  interaction  angle  growth. 

The  period  of  large  scale  interference  pattern  in  active  medium  of  intracavity  DFWM  is 
inversely  proportional  to  the  interaction  angle  (A13  «  A./0).  However,  together  with  that  fact,  the 
number  of  those  periods  increases,  though  the  cross-section  of  the  interaction  region  is  almost  the 
same  one.  Thus  the  decrease  of  the  period  can  not  explain  such  strong  decrease  of  PCR 

Moreover,  the  interaction  angle  affects  the  length  of  wave  interaction  range  at  DFWM  of 
spatially  restricted  laser  beams  if  the  length  of  nonlinear  medium  is  long  enough.  To  explain  this 
we  will  use  the  term  “effective”(or  averaged)  length  of  interaction  at  DFWM.  We  will  define  the 
effective  interaction  length  as  a  pure  geometrical  parameter  or  as  a  length  of  intersection  of  a 
probe  beam  with  intracavity  laser  beam,  the  length  being  averaged  on  cross-section  of  the  probe 
beam.  In  our  case  of  cylindrical  laser  beam,  the  interaction  angle  rise  leads  to  inversely 
proportional  decrease  of  effective  interaction  length.  The  length  strongly  affects  the  PCR  value. 
Actually,  the  theory  [1]  predicts  the  square  dependence  of  PCR  on  the  length  (PCR  ^  ^).  In 
our  experiments  the  active  medium  length  of  1.2  m  exceeded  the  effective  length  of  DFWM 
(<  1.0  m).  Therefore  the  decrease  of  PCR  with  interaction  angle  rise  is  connected  with  the 
decrease  of  the  effective  length  of  interaction  region.  The  PCR  rise  with  interaction  decrease  is 
accompanied  by  an  energy  rise  of  background  radiation  from  the  laser  resonator.  Thus,  as  a  result 
of  this  experiment,  the  interaction  angle  for  all  experiments  was  10-15  mrad,  that  resulted  in 
optimal  ratio  between  the  maximal  PCR  and  minimal  energy  of  background  radiation. 
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optical  delay  between  probe  and  co-propagating  waves 


In  this  chapter  we  discuss  the  experiment  on  mfluence  of  an  optical  delay  between  probe  and 
co-propagating  waves  upon  PCR  (on  energy).  The  experimentally  measured  values  of  PCR  (on 
energy)  were  averaged  over  a  number  of  experiments.  The  optical  delay  was  introduced  into  the 
optical  scheme  of  DFWM  by  changing  the  optical  way  for  the  probe  beam.  For  analyzing  the 
effect  of  the  optical  delay  it  was  compared  with  the  resonator  length  (12.0  m),  the  value  of  PCR 
being  compared  with  PCR  at  zero  delay. 

When  changing  optical  delay  within  the  range  of  0-1.5  m  (1/8  of  the  resonator  length),  the 
PCR  was  not  affected  within  10%  accuracy  of  the  measurement.  While  increasing  it  up  to  half  a 
resonator  length,  PCR  decreased  1.2-1.5  times  in  average.  If  increasing  optical  delay  up  to  the 
length  corresponding  the  laser  resonator  length,  PCR  was  one  fifth  -one  tenth  as  much  as  that 
obtained  for  zero  delay.  The  energy  of  the  PC  signal  was  very  low,  but  yet  it  could  he  separated 
from  background  radiation. 

Previously,  when  describing  properties  of  the  CO2  laser  (chapter  3.2.2),  we  demonstrated  that 
an  alteration  of  optical  delay  between  two  laser  beams  results  in  an  alteration  of  a  contrast  of 
interference  pattern  with  a  spatial  period  equaled  to  a  double  resonator  length.  The  periodical 
behaviour  of  the  contrast  involves  tlie  high  frequency  temporal  structure  of  laser  radiation  with  a 
round-trip  period  of  2  hjc  (see  Part  4).  Therefore  the  optical  delay  of  probe  wave  relative  to  co- 
propagating  pumping  wave  alters  the  contrast  of  large  scale  interference  pattern  being  produced  ia 
active  medium  at  DFWM.  As  a  result,  characteristics  of  diffraction  gratings^  being  produced  under 
the  intensity  variations  in  interference  pattern,  are  affected,  PCR  (on  energy)  being  changed  also. 
The  comphcated  temporal  behaviour  of  laser  radiation  on  round-trip  period  leads  to  the  fact,  that 
the  dependence  of  PCR  on  optical  delay  length,  should  have  a  comphcated  character  depending 
on  a  number  of  parameters  influencing  upon  temporal  behaviour  of  laser  pulse. 

Pumping  and  probe  intensity  ratio 

Here  we  discussed  the  experiments  on  effect  of  pumping  and  probe  wave  intensity  ratio  I1/I3 
on  PC  process  at  DFWM  for  CO2  laser.  In  our  experiments  we  studied  the  mfluence  of  the  ratio 
I1/I3  lying  within  the  interval  of  0.2-50  on  PC  process.  With  IR  camera  we  studied  the  PCR  (on 
intensity  and  energy)  and  optical  quahty  of  PC  process  (the  procedure  was  discussed  in 
chapter  3.1).  The  results  are  presented  in  Fig.  3.36,  3.37  and  Table.  3.12.  It  should  be  noted,  that 
PCR  (on  intensity)  was  being  found  as  a  ratio  for  angular  divergency  of  probe  wave  Oprobe  and  PC 
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signal  dpc'.  Oprcbe/Opc-  The  intensity  of  probe  signal  was  altered  by  a  set  of  optical  attenuators.  The 
results  of  the  measurements  were  averaged  over  a  set  of  experiments,  experimental  errors  being 
presented  on  the  diagrams.  For  better  impression  experimental  dots  were  connected  by  curves 
(cubic  spline). 

One  can  see  from  Fig.  3.36  that  in  the  whole  range  of  the  ratio  h/h  the  PCR  (on  mtensity)  hes 
within  the  interval  of  0.6-1.2%  and  reaches  its  maximal  value  at  ////r-lS.  The  optical  quahty  is 
changed  from  0.8  up  to  1.3  and  has  its  minimum  at  the  same  ratio.  It  should  be  pointed  out,  that 
the  dependence  of  optical  quahty  on  intensity  ratio  h/h  was  altogether  an  inversion  of  dependence 
for  PCR  (on  intensity),  i.e.  an  increase  of  optical  quahty  corresponded  to  a  decrease  of  PCR  As  a 
result,  the  averaged  PCR  (on  energy)  being  an  integral  characteristic  taking  into  account  a  spatial 
distribution  of  energy  for  probe  and  PC  signal  in  far-field  zone,  i.e.  being  proportional  to 
(^probe/^pd^  1  emphasizes  the  features  of  above  dependence  much  more  clearly  (Fig.  3.36).  Thus 
the  Tnavimiim  of  PCR  (on  energy)  corresponded  the  same  mtensity  ratio  of  15  and  reached  1.7 /o 
with  optical  quahty  of  PC  mirror  0.83.  The  most  of  experimental  values  of  PCR  (on  energy)  for 
other  intensity  ratio  lay  within  the  interval  of  0.5-0.75%,  the  optical  quahty  being  higher  than  1.0. 
We  do  not  know  yet  the  reason  for  such  singularity  at  intensity  ratio  near  15.  However,  the  more 
important  fact  here,  that  optical  quahty  rise  correlates  with  PCR  drop.  It  should  be  noted  that  for 
the  most  of  other  experimental  data  the  optical  quahty  and  PCR  were  almost  independed  of 
intensity  ratio,  but  they  also  correlated  with  each  other  (compare  Fig.  3.36  and  3.37).  The 
correlation  put  a  serious  question,  should  we  struggle  for  maximal  PCR  if,  potentiaUy,  it  can  lead 
to  a  decrease  of  optical  quahty  of  PCR  Of  course,  the  problem  involves  the  forther  experimental 
and  theoretical  research. 

The  effect  of  intensity  ratio  on  PC  process  for  the  case  of  strong  probe  wave  {h/h  =  2;  0.6; 
0.2)  was  studied  also  by  analysis  of  temporal  behaviour  of  PC  signal.  The  plane  BaF2  plate  was 
used  as  output  coupler  with  reflectivity  of  —  8%.  Fig.  3.38  demonstrates  profiles  of  probe,  PC  and 
PCR  pulses.  The  analysis  of  the  profiles  shows,  that  all  features  of  PCR  previously  discussed  take 
place  also  for  high  intensity  probe  wave: 

•  a  restriction  of  PCR  rise  in  the  middle  part  of  the  laser  pulse  due  to  a  decrease  of  relaxation 

time  for  thermal  grating  under  the  disturbances  of  active  medium  and  oscillatory  temporal 
behaviour  of  PCR  pulse  in  this  part  of  the  pulse;  . 

•  an  increase  of  PCR  rate  in  the  end  of  laser  pulse  due  to  a  decrease  of  intracavity  laser 
intensity  towards  the  end  of  the  pulse; 

•  comparable  values  of  PCR  for  front  and  rear  part  of  laser  puke,  i.e.  comparable  contribution 
of  the  two  mechankms  of  PC  process,  resonance  and  thermal  ones. 
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There  are  some  features  of  pulses  presented  in  Fig.  3,38,  which  display  themselves  with 
intensity  ratio  rise: 

•  Uttle  decrease  (of  -  5  |.is)  laser  pulse  length  and  httle  increase  of  amphtude  for  the  first 
peak,  that  might  be  connected  with  diminishing  negative  feed  back  for  the  laser, 

•  an  increase  of  averaged  PCR  rate  in  the  middle  part  of  the  laser  pulse, 

•  a  shift  of  PC  signal  maximum  intensity  towards  the  laser  pulse  end. 

The  PCR  for  these  intensity  ratio  practically  did  not  differ  fi:om  each  other  and  reached  -- 1%. 
Thus,  probe  wave  intensity  exceeding  over  the  intensity  of  co-propagating  pumping  wave  render  a 
low  effect  on  PC  process  at  intracavity  DFWM. 


3.3.  PC  at  DFWM  in  active  medium  of  CO  laser. 

The  results  of  the  experiments  on  PC  at  DFWM  of  EBCD  CO  laser  radiation  in  its  active 
medium  are  discussed  in  this  chapter.  The  optical  scheme  and  procedure  of  measurement  were,  in 
generally,  die  same  as  for  CO2  laser  (see  chapters  3.1  and  3.2).  The  only  differences  were  in  usage 
of  different  optical  materials  being  transparent  in  spectral  region  of  5. 0-6.0  jxm,  different  laser 
mixture  CO:N2:He=l:4:5  and  cooling  laser  chamber  down  to  --120K.  The  output  windows  of 
laser  chamber  were  made  of  CaF2.  Diffraction  grating  (100  lines/mm,  blazing  angle  of  30  )  was 
used  for  frequency  selection  of  CO  laser  radiation.  Gas  density  varied  between  0. 1-0.5  Amagat. 
The  interaction  angle  was  10  mrad.  The  length  of  laser  resonator  was  17.7  m,  laser  aperture  being 
15  mm  in  diameter.  Thus  laser  operated  at  TEMoo  mode.  The  reflectivity  of  the  output  coupler 
was  43%. 

The  processes  of  inversion  formation  and  lasing  for  CO  laser  differ  strongly  fi’om  those  of  CO2 
laser,  the  principal  difference  being  in  vibrational-vibrational  (V-V)  mechanism  of  creation  of 
inversion  population  in  CO  laser  and  cascade  lasing.  As  a  result,  temporal  and  spectral 
characteristics  of  the  two  lasers  differ  from  each  other  strongly.  The  CO  laser  pulse  length  was 
100-500  |is  at  the  same  SIE  (CO2  laser  --10-20  |is),  laser  spectrum  consisting  of--30  spectral  lines 
for  fi:equency  nonselected  CO  laser  (single  line  for  CO2  laser).  The  delay  time  with  respect  to  the 
beginning  of  pumping  pulse  for  CO  laser  puke  was  15-50  |as  and  depended  either  on  SIE  or 
selected  wavelength  (in  case  of  J&equency  selected  mode).  The  structure  of  CO  laser  puke  in 
detail  will  be  described  in  Part  4  with  much  better  temporal  resolution. 

The  strongest  CO  laser  lines  lay  within  the  spectral  region  of  5. 2-5. 6  jam  2nd  corresponded  to 
vibrational-rotational  transitions  with  vibrational  numbers  jfrom  8— >7  up  to  12-->11  and  with 
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rotational  numbers  of  13-15  (gas  temperature  120  K).  Notwithstanding  the  difference  between 
temporal  and  spectral  characteristics  of  the  two  lasers,  output  energy  and  SSG  were 
approximately  the  same  ones  at  the  same  SIE  being  up  to  3  J  and  1.8  m  at  SIE  of  300M  Amagat 
for  nonselected  mode  of  operation  (full  spectrum).  For  frequency  selection  mode  the  output 
energy  was  one  half  -  one  third  as  much  as  that  obtained  for  nonselected  CO  laser  pulse.  It  was 
valid  for  “strong”  lines  such  as  Pio^9(15)  5.40  ^im,  for  example. 

An  evidence  of  PC  for  CO  laser 

The  set  of  the  experiments  on  reconstruction  of  IR  image  in  near  field  and  recovering  an 
angular  divergency  in  far  field  has  been  carried  out  hke  in  case  of  CO2  laser  (chapter  3.2.4)  to 
obtain  an  evidence  for  signal  observed  to  be  the  real  PC  signal  (see  Fig.  3.2 Id, e).  The 
experimental  results  did  confijm  the  backscattered  signal  to  be  PC  signal,  signal/noise  ratio  being 
of  10-50.  A  comparison  of  images  recovered  for  CO2  and  multiline  CO  lasers  (Fig.  3.21) 
demonstrated  for  tlie  optical  quality  of  PC  mirror  to  be  higher  for  CO  laser  as  compared  to  CO2 
laser,  notwithstanding  of  the  grater  number  of  lines  in  CO  laser  spectrum.  It  should  be  noted  that 
we  did  not  observe  tlie  influence  of  DFWM  upon  the  spatial  characteristics  of  CO  laser  (unlike  in 
case  of  CO2  laser,  chapter  3.2.3)  even  if  probe  wave  intensity  exceeded  the  intensity  of  intracavity 
co-propagating  wave.  The  maximal  value  of  PCR  (on  intensity)  did  not  exceed  1%,  PCR  (on 
energy)  being  of  0. 1-0.5%,  i.e.  being  much  less  than  for  CO2  laser. 

Temporal  characteristics  of  PC  process  for  CO  laser 

The  cause  of  the  singularities  of  PC  process  for  CO  laser  compared  to  CO2  laser  hes  in 
singularity  of  CO  laser  physics  and  PC  mechanisms  for  CO  laser.  Fig  .3.39  demonstrates  the 
typical  temporal  behaviour  for  probe  (a),  PC  (b)  and  PCR  (c)  pulses  (SIE  300  J/l  Amagat, 
fi*equency  selected  resonator,  5.39  |im  spectral  range).  The  analysis  of  the  time  behaviour  for 
PCR  shows,  that  maximal  peak  value  of  PCR  (on  intensity)  is  at  the  front  of  laser  pulse.  The 
maximal  value  is  twice  as  much  as  that  of  averaged  value  or  PCR  (on  energy).  The  PCR  rise 
towards  the  pulse  tail,  that  is  characteristic  of  PCR  signal  for  CO2  laspr,  was  not  observed 
practically  for  CO  laser  pulse.  Moreover,  an  analysis  of  pulses  in  Fig.  3.39  shows  that  PCR 
decreases  nearly  proportionally  to  the  intensity  of  probe  wave  falling  to  the  end  of  CO  laser  pulse. 
This  temporal  behaviour  of  PCR  is  characteristic  of  noninertial  (or  low  inertial)  PC  mechanism. 
Just  the  resonance  (amplitude)  mechanism  is  the  low  inertial  one.  In  accordance  with  resonance 
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(low  inertial)  mechanism  transient  theory  (chapter  2.2),  the  maximal  value  of  PCR  at  laser  pulse 
front  is  connected  with  exceeding  SSG  over  the  threshold  gain  inside  laser  resonator.  After  the 
first  peak,  the  decrease  of  PCR  is  due  to  a  decrease  of  SSG  to  threshold  value  and  a  decrease  of 
intracavity  intensity  (Fig.  3.39a).  A  contribution  of  the  thermal  mechanism  to  the  PC  process  m 
active  medium  of  CO  laser  is  weakened  as  a  result  of  CO  laser  physics.  The  process  of  laser 
induced  heat  hberation  is  much  lower  and  much  slower  as  compared  to  CO2  laser.  The  laser 
transition  is  not  accompanied  by  strong  heat  hberation  like  in  case  of  CO2  laser.  Small  laser 
induced  heating  can  take  place  due  to  V-V  exchange  during  laser  pulse  and  transformation  of 
quantum  defect  (~1%  of  vibrational  quantum)  to  heat,  and  also  due  to  very  slow  V-T  (vibrational- 
translational  transitions)  relaxation,  Xrei^l  uis.  Of  course,  a  theoretical  analysis  is  needed  for 
rehable  estimation  of  tliese  effects.  Thus,  the  temporal  behaviour  of  PCR  signal  demonstrates  that 
resonance  mechanism  seems  to  be  the  most  important  one  for  CO  laser. 

For  comparison  the  pulses  of  probe,  PC  and  PCR  signals  are  presented  in  Fig.  3.40  for  three 
different  spectral  bands  with  center  hues  5.23  |im  (a),  5.39  |Lim  (b)  and  5.52  |im  (c)  and  spectral 
width  of  15  cm  *.  Lasing  witliin  these  spectral  bands  took  place  generally  on  a  few  vibrational 
rotational  transitions  (on  one-two  ones  for  5.23  pm  and  5.52  pm  bands  and  up  to  three-foxir 
transitions  for  5.39  pm  band)  of  CO  molecule.  The  strongest  lines  were  selected  with  a  decrease 
of  SEE.  One  can  see  below  the  energy  of  laser  pulses  (at  SIE  of  290  J/1  Amagat  and  reflectivity  of 
output  coupler  of  43%)  and  the  strongest  transitions  for  spectral  bands  mentioned  above: 


5.23  f.im  - 

0.42  J, 

P8-.7(14), 

1906  cm'*,  5.247  ^m; 

'5.39  |.im  - 

I.O  J, 

P.o^9(14), 

1855  cm'*,  5.391  (xm; 

'5.52  urn  - 

0.72  J, 

Pi2^n(13), 

1808  cm'*,  5.530  ^im. 

It  should  be  noted,  that  laser  pulse  length  increased  with  wavelength  rise  (from  ~70  ps  for 
5.23  pm  band  up  to  —250  ps  for  5.52  pm  band  in  the  experiment),  i.e.  with  an  increase  of  the 
quantum  number  of  V-V  transition.  In  all  diagrams  of  Fig.  3.40  the  PCR  pulse  (thin  line)  has  a 
maximum  of  laser  pulse  fi  ont,  that  is  displayed  in  PC  signal  (thick  line)  front  sharpening.  The 
further  research  of  PC  and  PCR  signals  time  behaviour  of  laser  pulse  front  claims  a  use  of 
photo  detectors  with  nanosecond  response  time.  The  result  of  such  research  are  presented  in 
Part  4.  The  further  time  behaviour  of  PCR  pulse  after  the  first  peak  at  the  front  is  characterized  by 
a  low  decrease  towards  the  end  of  the  laser  pulse  following  approximately  the  decrease  of  laser 
intensity,  though  the  decrease  of  PCR  is  not  so  fast  for  5.23  pm  band  as  compared  to  5.39  pm 
band.  Some  PCR  rise  at  the  rear  of  laser  pulse,  that  can  be  seen  in  Fig.  3.40a, b,  is  very 
weak.  Moreover,  the  error  of  PCR  calculation  increases  with  a  decrease  of  intensity  of 
the  probe  wave.  Thus  we  can  not  claim  for  the  PCR  increase  observed  to  be  due  to 
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thermal  meclianism  of  PC  process.  Therefore  the  time  behaviour  of  PC  and  PCR  pulses  for 
CO  laser  are  quite  different  as  compared  to  CO2  laser  and  refers  to  prevailing  role  of  the 
resonance  mechanism  of  nonlinearity.  There  seems  to  be  some  singularities  for  various  spectral 
bands  depended  on  relaxation  properties  of  vibrational  transitions  of  CO  molecule.  A  theory  of  PC 
process  in  active  medium  of  CO  laser  should  he  developed  in  more  detail  for  explaining  some 

effects  observed. 


The  influence  of  SIE  on  PC  process. 

The  experimental  results  on  influence  of  SEE  upon  PCR  (on  intensity)  are  presented  in 
Fig.  3.41  for  various  ouqtut  couplers  with  reflectivities  of  25%,  43%  and  74%  (threshold  gain 
estimated  is  an.  =  0.6  m  ',  0.35  m''  and  0.13  m'';  spectral  band  is  5.40  pm  with  strong  transition 
Pio^9(15);  v=  1851  cm  ';  =  5.403  pm,  the  intensity  ratio  I1/I3  is  indicated  in  the  figure).  The 

experimental  error  was  1 0%.  Within  the  accuracy  there  was  no  dependence  of  PCR  upon  SIE  (the 
lines  on  the  diagram  are  given  only  for  convenience).  The  output  energy  increased  with  SIE  rise 
(for  instance,  fiom  0.5  J  up  to  1.3  J  for  the  case  of  output  coupler  with  reflectivity  43%).  It  should 
be  noted  that  CO  laser  pulse  length  depends  on  a  number  of  parameters:  gas  parameters  (mixture, 
pressure,  temperature),  SIE  and  laser  parameters  (Q  factor,  spectral  transitions).  In  the  expemnent 
for  the  same  output  coupler  the  laser  pulse  length  decreased  fi-om  350  ps  down  to  150  ps  with 
SIE  rise.  Thus  tlie  averaged  laser  intensity  in  the  experiment  increased  of  6-fold.  So,  on  the  one 
hand  the  time  behaviour  of  PCR  approximately  followed  that  of  probe  wave,  on  the  other  hand 
did  not  depend  on  the  value  of  laser  intensity  averaged  over  the  pulse  length.  Comparison  of  the 
results  with  the  non-transient  theoty  of  resonance  mechanism  developed  for  two-level  quantum 
system  (Part  2)  has  shown  that  the  PC  process  in  CO  laser  should  be  described  by  more 
complicated  theoretical  model. 


Various  output  couplers. 

A  comparison  of  PCR  for  various  reflectivities  of  the  output  coupler  demonstrates  that  the 
maximal  PCR  is  observed  for  the  laser  cavity  with  the  low  Q  factor  (see  Fig.  3.41  Rout■”25^). 
There  is  the  approximately  the  same  value  of  PCR  for  high  Q  resonators  (Rout“43%  and  74^), 
which  is  half  as  much  as  that  of  low  Q  cavity.  This  phenomenon  can  be  connected  with  an 
intensity  drop  for  low  Q  cavity  and  its  approaching  to  the  intensity  of  saturation  (see  Part  2).  The 
intracavity  intensity  in  high  Q  resonator  is  much  higher  than  saturation  intensity,  i.e.  the  degree  of 
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saturation  is  much  higlier  than  1.0.  Hence,  the  nonlinearity  is  lower  in  accordance  with  steady- 
state  theory,  but  because  of  intensity  rise  the  PCR  keeps  being  constant.  By  comparing  the 
experimental  results  for  different  output  couplers  one  can  conclude  also  that  resonance  mechanism 
might  seem  to  describe  the  PC  process  in  active  medium  of  CO  laser. 


bitemity  ratio  for  intracavity  co-propagatingwave  and  probe  signal 

The  experimental  results  are  presented  in  Fig.  3.42  for  three  values  of  SIE.  Wben  intensity 
ratio  I1/I3  is  changed  between  0.4  and  8.0,  i.e.  with  intensity  decrease  of  probe  wave  and  decrease 
of  modulation  depth  for  interference  pattern  taking  place  in  active  medium  at  DFWM,  the  linear 
(within  the  experimental  en  or)  rise  of  PCR  is  observed.  However,  with  further  decrease  of  probe 
wave  intensity  (or  with  intensity  ratio  rise  from  8  up  to  18)  the  PCR  is  almost  not  changed,  or 
decreases.  The  reason  of  the  PCR  behaviour  should  be  looking  for  in  temporal  behaviour  of  probe 
and  PC  signals.  But  time  behaviour  of  the  two  signals  in  these  experiments  with  response  time  of 
0. 1-1  [is  practically  did  not  depend  upon  intensity  ratio.  Besides,  the  ratio  did  not  affect  the  spatial 
characteristics  of  CO  laser.  Only  the  research  of  temporal  behaviour  of  probe  and  PC  signals  with 
much  better  response  time  allowed  us  to  frad  the  change  taking  place  in  high  frequency  structure 
under  various  intensity  ratios  (see  Part  4).  Going  ahead  a  little,  we  use  a  result  of  the  Part  4,  that 
with  probe  wave  intensity  rise,  i.e.  with  a  drop  of  intensity  ratio,  the  high  frequency  structure 
becomes  more  complicated  or  more  irregular  within  a  roimd-trip  period.  As  a  result  of  the 
influence  of  probe  wave  intensity  on  temporal  structure  of  laser  pulse,  the  process  of  writing  down 
and  reading  out  the  diffraction  grating  is  deteriorated  with  intensity  ratio  decrease  (for  I1/I3  less 
than  10  in  our  experiments).  With  higher  intensity  ratio  (Ii/l3>10)  the  intensity  of  the  probe  wave 
does  not  affect  the  laser  pulse  stmcture  and  PCR  approaches  to  a  constant  value. 

Gas  density  influence  upon  PC  process. 

The  experimental  results  are  in  Fig.  3.43  for  two  spectral  bands  of  5.39  |Lim  and  5.23  jim.  The 
permanent  rise  of  the  PCR  is  obseiwed  with  gas  density  rise  from  0.1  up  to  0.5  Amagat  for 
5.39  |im  band.  For  5.23  tim  spectral  band,  however,  the  rise  of  PCR  takes  place  only  between  0.1 
and  0.2  Amagat,  being  more  sharp  compared  to  5.39  pm  band.  The  further  density  rise  leads  to  a 
decrease  of  PCR.  Thus,  the  behaviour  of  PCR  versus  gas  density  for  frequency  selected  CO  laser 
depends  upon  spectral  line  (or  band)  itself.  It  should  be  noted  that  for  a  number  of  spectral  bands 
we  observed  much  more  complicated  behaviour.  Such  PCR  behaviour  seems  to  be  due  to  kinetic 
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processes  taking  place  in  active  medium  of  CO  laser  itself.  The  gas  density  rise  changes  the 
vibrational  population  function  for  CO  laser,  changes  the  gain  spectrum  distribution,  laser  intensity 
on  selected  wavelength,  saturation  intensity  etc.  Both  lasing  itself  and  PC  process  depends  on 
vibrational-rotational  transition  selected.  For  relatively  low  vibrational  transition  8-7  of  5.23  \m 
band  gas  density  rise  leads  to  a  decrease  of  SSG  and  intracavity  intensity,  that  together  with 
saturation  intensity  rise  can  result  in  PCR  decrease  with  gas  density  rise  from  0.2  up  to 
0.4  Amagat. 


Gas  temperature. 

It  should  be  noted  that  a  decrease  of  PCR  was  observed  with  an  increase  of  an  initial  gas 
temperature  rise.  For  instance,  with  gas  temperature  rise  from  120  K  up  to  140  K  the  PCR  drops 
nearly  two  times  (N  -  0.3  Amagat,  SIE  =  300  J/1  Amagat,  5.39  |im  band).  The  PCR  fall  seems  to 
be  connected  also  witli  kinetic  processes  in  CO  laser  active  medium,  namely  a  change  of 
vibrational  population  function,  spectral  distribution  shift  to  higher  laser  levels,  a  SSG  drop  etc. 

3.4  Conclusions 


1.  The  experimental  research  of  PC  process  at  DFWM  of  CO2  laser  radiation  selected  the  laser 
parameters  which  affected  the  PCR  (on  energy)  very  strongly.  These  parameters  are  as  follows, 
specific  input  energy,  Q  factor  of  laser  resonator,  gas  pressure,  laser  mixture  content,  interaction 
angle,  optical  delay  between  probe  and  co-propagating  pumping  wave.  The  other  laser  parameters 
such  as  a  degree  of  hnear  polaiization,  spectral  band,  intensity  ratio  do  not  strongly  mfluence  upon 
PCR  (though  additional  study  is  needed  to  understand  the  role  of  the  intensity  ratio). 

Tlie  comparison  of  theoretical  and  experimental  data  demonstrated  that  experimentally 
obtained  PCR  was  1/8-1/20  as  much  as  that  obtained  in  theory.  Besides,  the  analysis  of  the 
experimental  data  shows,  that  PCR  increases  with  gas  pressure  rise,  but  there  is  a  “plateau”  in  the 
pressure  range  of  0.2-0. 4  atm.  Theoretical  calculation  predicted  for  PCR  rise  to  be  square 
proportional  to  gas  pressure.  The  disagreement  between  theoretical  and  experimental  data  might 
be  due  to  process  taking  place  in  active  medium  of  CO2  laser  and  being  connected  with  self¬ 
influence  of  laser  radiation.  These  processes  were  not  taking  into  accoimt  in  theory,  but  were 
observed  when  studying  expeiimentally  a  temporal  behaviour  of  PC  and  PCR  signals. 

The  study  demonstrated  that  there  were  two  principal  mechanisms  which  were  responsible  for 
PC  process  at  intracavity  DFWM  of  CO2  laser  radiation:  resonance  (amphtude)  and  thermal 
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(phase)  ones.  When  increasing  nitrogen  content  in  laser  mixture  or  decreasing  input  power  the  two 
mechanisms  display  themselves  veiy  distinctly.  The  maximum  value  of  PCR  of  resonance 
mechanism  was  obsei*vecl  for  the  front  part  of  the  laser  pulse  in  accordance  with  the  theory  of  the 
mechanism.  The  PCR  rise  in  the  end  of  the  laser  pulse  refers  to  more  inertial  thermal  mechanism. 
It  should  be  noted  that  the  amplitudes  of  PCR  for  both  mechanisms  are  comparable,  i.e.  the 
contribution  of  the  two  processes  (resonance  and  thermal  one)  are  comparable  also. 

The  complicated  temporal  behaviour  of  PCR  is  due  to  alteration  of  laser  intensity  in  time  and 
also  due  to  effect  of  disturbances  in  active  medium  upon  the  processes  of  formation  of  laser 
radiation  itself  and  of  PC  signal.  In  particular,  PCR  rise  is  restricted  in  the  middle  part  of  the  CO2 
laser  pulse  on  account  of  decrease  of  relaxation  time  of  thermal  grating.  When  analyzing  the  PC 
process,  it  follows  that  relaxation  properties  of  thermal  grating  are  changed  during  laser  pulse 
under  the  influence  of  disturbances  in  active  medium.  That  fact  leads  to  a  decrease  of 
experimental  PCR  comi)ared  to  theoretical  one.  Thus  the  self-tofluence  of  laser  radiation  should 
be  taken  into  account  when  analyzing  tlie  thermal  mechanism  in  theory.  The  correlation  between 
higher  optical  quality  and  lower  PCR  involves  also  and  additional  experimental  theoretical 
research. 

2.  The  parametric  study  of  PCR  at  DFWM  in  active  medium  of  EBCD  CO  laser  enables  us  to 
make  following  conclusions: 

•the  PC  process  does  take  place  for  CO  laser  at  DFWM  of  its  radiation  in  its  active  medium; 

•the  PCR  (on  intensity)  reaches  1.0%,  the  PCR  (on  energy)  amounting  0.5%; 

•the  functional  dependencies  of  PCR  and  temporal  behaviour  of  PC  and  PCR  signals  differ 
strongly  from  those  obtained  for  EBCD  CO2  laser; 

•the  parametric  study  refers  to  the  resonance  mechanism  to  be  responsible  for  PC  process  in  CO 
laser  active  medium; 

•a  theory  taking  into  account  the  real  laser  parameters  should  be  developed  for  describing  the  PC 
process  in  active  medium  of  CO  laser. 
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Fig.  3.1.  Electron-beam  controlled  discharge  (EBCD)  CO2  /  CO  laser  installation 

1  -  vacuum  e-beam  gun  chamber 

internal  volume:  1.5  (length)  x  0.5  (width)  x  0.7  (height)  m^; 

2  -  EBCD  laser  chamber 

internal  volume:  0.150  m^; 

discharge  volume:  120  (length)  x  14  (width)  x  11  (height)  cm^  =18.5  htres; 

3  -  hot  cathode; 

4  -  EBCD  laser  chamber  windows 

(at  the  Brewster  angle  to  the  optic  axis  of  the  resonator); 

5  -  mesh  groimded  cathode; 

6  -  copper  anode; 

7-40  pm  polyimid  foil  and  stainless  steel  flange 
(e-beam  transparency  about  40%); 

8  -  high  voltage  isolator. 
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Fig.  3.2.  EBCD  high  voltage  supply  system 

1  -  EBCD  laser  chamber; 

2- 21  nF  capacitor  bank; 

3- 25  kW  current  rectifier  (high  voltage  up  to  50  kV); 

4- 150  keV  e-beam. 


Fig.  3.3.  E-beam  gun  supply  system 

1  -  vacuum  electron-beam  gun  chamber; 

2  -  hot  cathode; 

3-150  keV  electron-beam; 

4  -  EBCD  laser  chamber; 

5  -  65  f2  ballast  resistor; 

6- 13  kW  current  transformer; 

7- 150  kV  four-stage  Marks  generator  (0.1  pF); 

8- 25  kW  current  rectifier  (high  voltage  up  to  50  kV). 
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Fig.  3.4.  Time-history  of  EBCD  input  energy 
a  -  e-beam  accelerating  voltage; 
b  -  e-beam  current; 
c  -  EBCD  crrrrent; 
d  -  EBCD  voltage. 


Specific  input  energy,  J/l  atm 


300  “1 


Fig.  3.5.  EBCD  specific  input  energy  vs  specific  field  strength,  E  /  p 
(CO2  :  N2  :  He  =  1  :  2  :  4,  0.28  atm). 


Table  3.1.  EBCD  specific  input  energy  vs  specific  field  strength,  E  /  p 
(CO2  :  N2  :  He  =  1  :  2  :  4,  0.28  atm)  (data  for  Fig.  3.5). 


E/P. 

kV/cm  atm 

1.95 

2.44 

3.25 

4.06 

Specific  input 
energy, 

J/i  atm 

53 

89 

169 

281 
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Fig.  3.6a.  Optical  scheme  for  the  e?q)eriments  on  temporal  behavior 
of  small  signal  gain  in  the  CO2  inverted  medium. 

1  -  CW  10.6  pm  low  pressure  CO2  laser; 

2  -  EBCD  laser  chamber  with  inverted  gas  mixture 
(C02:N2:He=  1:2:4); 

3  -  photodetectors; 

lo  -  10.6  pm  laser  probe  beam  intensity; 


Fig.  3.6b.  Optical  scheme  for  measurement  of  laser  gain. 

1  -  EBCD  laser  chamber  with  inverted  gas  medium; 

2  -  mirrors  of  the  optical  resonator; 

3  -  calorimeters  or  photodetectors; 

M  -  laser  beam  splitter; 

D  -  diaphragm. 
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Intensity 


Fig.  3.7.  Time-history  of  the  amplified  small  10.6  p.m  laser  signal  in  the  inverted  medium 
for  different  specific  input  energy:  : 

a-120J/latm; 
b  -  190  J/1  atm; 
c  -  280  J/1  atm. 

Gas  mixture  CO2 :  N2 :  He  =  1 :  2  :  4. 

Gas  pressure  0.28  atm. 
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Energy  of  amplified  signal,  Energy  of  amplified  signal 
J/cm  cm  J^cm  cm 


Gain,  1/m 
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Fig.  3.9.  Gain  vs  energy  density  of  probe  signal  for  different  EBCD 
specific  input  energy: 

a  -  280  J/1  atm  and  170  J/1  atm; 
b  -  90  J/1  atm  and  55  J/latm. 
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Table  3.2.  Energy  density  of  amlified  signal  (qamp)  and  gain  (a)  versus 

energy  density  of  probe  one  (qpr)  for  different  specific  energy  (Qin’’’) 
(data  for  Fig.  3.8  and  Fig.  3.9). 

Gas  mixture  1:2:4. 

Gas  pressure  0-28  atm. 

Reflectivity  of  laser  output  mirror  50%. 


Ota' 

280  J/1  atm 

170  JA  atm 

55  JA  atn 

1 

Qpr? 

ml 

a, 

1/m 

Qampj 

mJ 

cm? 

a, 

1/m 

St 

mJ 

a, 

1/m 

^1 

Qamp? 

mJ 

a, 

1/m 

14 

89 

1.65 

8 

30 

1.21 

3 

7 

0.82 

1 

2 

0.56 

98 

416 

1.35 

57 

191 

1.12 

23 

48 

0.76 

7 

12 

0.51 

194 

554 

1.01 

112 

301 

0.95 

45 

80 

0.69 

23 

36 

0.47 

284 

758 

0.95 

224 

437 

0.69 

76 

143 

0.62 

443 

942 

0.76 

301 

574 

0.66 

123 

198 

0.53 

Fig.  3. 10.  Small  signal  gain  versus  EBCD  specific  input  energy  . 

Table  3.3.  Small  signal  gain  (ao)  versus  EBCD  specific  input  energy  (Qm®’’) 
(data  for  Fig.  3. 10). 

Gas  mixture  1:2:4. 

Gas  pressure  0.28  atm. 


Qta*',  JA  atm 

280 

170 

90 

55 

ao,l/m 

1.72 

1.22 

0.83 

;  0.56 
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Table  3  4  Specific  output  energy  (Qout*P)  versus  EBCD  specific  input 
energy  (Qm’P)  for  different  reflectivity  of  laser  output  miror  (Rout) 
(data  for  Fig.  3. 1 1). 

Gas  mixture  1:2:4. 

Gas  pressture  0.28  atm 


Rout 

45% 

Rout 

65% 

Qin^j 

Qout*^ » 

Qin^i 

Qout^  j 

JA  atm. 

JA  atm. 

JA  atm. 

JA  atm. 

158 

4.8  1 

116 

3.7 

245  1 

10.6 

187 

6.6 

348 

15.6 

277 

8.7 

Table  3.5.  Laser  effiency  (tj)  versus  reflectivity  of  laser  output  miror  (Rout)  for 
the  same  EBCD  specific  input  energy:  280  J/1  atm  (data  for  Fig.  3.12). 
Gas  mixture  1:2:4. 

Gas  pressture  0.28  atm 


Rout»  % 

8 

30 

45 

65 

A//® 

5.2 

6.0 

4.3 

3.1 

Table  3.6.  Energy  density  of  laser  output  signal  versus  gas  pressure  for  two 
EBCD  specific  input  energy:  300  and  200  J/1  atm  (data  for  Fig.  3.13). 
Gas  mixture  1:2:4. 

Rout  50%. 


qias,  J/cm-2 

p,  atm 

0.1 

0.29 

0.14 

0.29 

0.43 

0.20 

0.44 

0.65 

0.28 

0.64 

0.97 

0.40 

0.89  1 

1.41 
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Fig.  3. 14.  Specific  laser  output  energy  versus  specific  input  energy  for  different  gas 
mixture  (CO2 :  N2 :  He  =  x  :  y  :  z). 


Table  3.7.  Specific  laser  output  energy  (Qout’’’)  versus  specific  input  energy  (Qh*’’)  for 
different  gas  mixture  (CO2 :  N2 :  He  =  x  :  y  :  z)  (data  for  Fig.  3. 14). 

Gas  pressure  0.28  atm. 

Reflectivity  of  output  mirror  46% 


1:2:4 

3:3:8 

2:1:4 

3:0:4 

0  ^ 

Vin  > 

J 

latm. 

Qout*^, 

J 

latm. 

0  ’’’ 

J 

1  atm. 

Qout***> 

J 

latm. 

ti,% 

0  ’’’ 

Vin  J 

J 

1  atm. 

Qout’^, 

J 

latm. 

Tl,% 

O-  ^ 

Vin  > 

J 

1  atm. 

J 

1  atm. 

Tl,% 

158 

4.8 

3.0 

48 

0.5 

1.0 

48 

0.4 

0.8 

75 

0.9 

1.2 

245 

10.6 

4.3 

86 

3.1 

86 

2.3 

WtkM 

154 

4.9 

3.2 

348 

15.6 

4.5 

180 

msm 

4.1 

175 

6.8 

3.9 

244 

7.3 

3.0 

— 

— 

326 

13.5 

4.1 

297 

12.1 

4.1 

— 

— 

— 

— 

398 

17.2 

4.3 

384 

14.9 

3.9 

— 

— 

95 


Table  3.8  Default*  parameters  of  the  parametric  study  of  the  PC  process 


gas  mixture  CO2 :  N2 ;  He 

gas  pressure 

gas  temperature 

length  of  the  laser  resonator 

spectral  content  of  the  laser  output 

degree  of  linear  polarization 

length  of  the  active  medium 

location  of  the  cross  point 

interaction  angle  of  DFWM 

optical  delay  between  the  probe 
wave  and  the  forward  pump 


1:2:4 
0.28  atm 
300  K 
12  m 

10.6  p.m  single  line  P(20) 
without  spectral  selection 

more  than  99.5% 

1.2  m 

the  center  of  the  active  medium 
15  mrad 

+ 10  cm 


*  See  a  definition  of  the  term  “default”  at  the  beginning  of  the  chapter  3.2 
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Fig.  3. 16.  First  peak  (1)  and  following  part  (2)  of  the  EBCD  CO2  laser  pulse  time  resolved  with 
photon-  drag  detector  for  different  experimental  conditions: 
a  -  C02:N2:He  =  1:2:4,  SIE  200  M  atm; 
b  -  C02:N2:He  =  1:2:4,  SIE  100  J/1  atm; 
c  -  C02:N2:He  =  3:0:4,  SIE  200  M  atm. 
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Fig.  3.17.  Optical  scheme  of  measurement  of  coherent  length  of  laser  output. 
1  -  EBCD  laser; 

BS  -  laser  beam  splitter  (R  =  50  %); 

M  -  a  folding  mirror  changing  an  optical  delay; 

S  -  a  screen  with  an  interference  pattern; 

D  -  15  mm  diaphragm. 
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Fig.  3.18.  Schematic  of  near-field  zone  (a)  and  far-field  zone  (b)  experiments 

1  -  EBCD  laser  chamber  with  inverted  gas  medium; 

2  -  mirrors  of  the  optical  resonator; 

3  -  absorber; 

BS  -  laser  beam  sphtter; 

S  -  diSiisely  scattering  screen; 

OM  -  optical  mask; 

FM  -  focusing  mirror; 

VCR  -  IR  video  system; 

D  -  diaphragm. 


a  b  c 


Fig.  3.20.  Tbe  transfonnation  of  near-field  intensity  distribution  of  CO2  laser  pulse  (/i)  under  the 
influence  of  DFWM: 
a  -  DFWM  turned  off; 
b  -  DFWM  turned  on  (/1//3  ~  1); 

c  -  the  amplified  signal  propagated  throu^  the  inverted  medium  at  DFWM. 
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Fig.  3.21.  IR  distribution  of  laser  (probe)  beam  and  backscattered  (at  DFWM)  one: 
a  -  CO2  laser  radiation  crossed  L-sbaped  optical  mask; 
b  -  the  laser  radiation  at  a  distance  of  4.5  m  from  the  mask; 

c  -  the  backscattered  (at  DFWM  in  active  medium  of  the  CO2  laser)  signal  in  the  plane  of  the  mask; 
d  -  CO  laser  radiation  crossed  L-shaped  optical  mask  and  measured  at  a  distance  of  3  m  from  the  mask, 
e  -  the  backscattered  (at  DFWM  in  active  medium  of  the  CO  laser)  signal  in  the  plane  of  the  mask; 
f  -  CO2  laser  radiation  crossed  0-shaped  optical  mask; 

g  -  the  backscattered  (at  DFWM  in  active  medium  of  tbe  CO2  laser)  signal  in  the  plane  of  the  mask; 
h  -  an  optical  noise  from  the  CO2  laser  resonator  without  DFWM  (multiplied  by  100); 
i  -  the  backscattered  (at  DFWM  in  active  medium  of  the  CO2  laser)  signal  in  the  plane  of  the  X-shaped 
optical  mask. 
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Fig.  3.23.  Optical  scheme  of  polarization  tests. 

1  -  EBCD  laser  chamber  with  inverted  gas  mixture; 

2  -  mirrors  of  the  optical  resonator; 

3  -  system  of  the  flat  mirrors  for  rotation  of  polarization  plane; 
BS  -  laser  beam  splitter; 

D  -  diaphragm. 
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I,  R  arb.  un. 


Fig.  3.25.  The  front  parts  of  the  probe  (curve  1  -  sohd  line),  PC  (curve  2  -  dashed  line)  and  PCR 
(curve  3  -  dotted  line)  pulses  for  SEE  280  J/1  atm.  Rout  =  65%. 
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Fig.  3.26.  Comparison  of  PC  pulses  (experiment  -solid  line,  theory  of  resonance  mechanism  - 
dashed  line,  theory  of  thermal  mechanism  -  dotted  line)  under  different  conditions; 
a,  d  -  120  J/1  atm;  b,  e  -  190  J/1  atm;  c,  f  -  280  J/1  atm; 
a  -  c  -  Rout  =  65%;  d  -  f  -  Rout  =  7.5%. 
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Fig.  3.27.  PC  reflectivity  versus  EBCD  specific  input  energy 
for  different  laser  gas  pressures. 

Table  3.9.  PC  reflectivity  (R)  versus  EBCD  specific  input  energy  (Qin'P) 
for  different  laser  gas  pressures  (data  for  Fig.  3.27). 

Gas  mixture  1  :  2 :  4; 

Rout  =  46  %; 

Ii/l3=  1.4. 


O.lOatm 

0.14atm 

0.20atm 

0.28atm 

0.40atm 

Qin*P> 

J 

1  atm 

R,% 

Qin'P, 

J 

1  atm 

R,% 

J 

1  atm 

R,% 

Qm*P, 

J 

1  atm 

R,% 

Qin'P, 

J 

1  atm 

R,% 

131 

0.26 

115 

0.37 

125 

0.43 

184 

0.46 

144 

0.64 

197 

0.68 

173 

0.51 

184 

0.66 

242 

0.79 

219 

0.96 

255 

0.65 

234 

0.55 

238 

0.72 

395 

0.95 

272 

1.03 

297 

1.06 

370 

1.27 

298 

1.11 

— 

— 

383 

1.55 

1 

1 

1 

1 
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1 

1 

1 

1 
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363 

1.03 

— 

— 

450 
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Fig.  3.28.  PCR  (on  energy)  versus  SIE  jfrom  experiment  and  from  theory  of  Part  2. 
r  -  reflectivity  of  output  coupler  of  laser  resonator. 
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Fig.  3.30.  Time-history  of  the  probe  and  PC  signal  and  PC  reflectivity 
for  different  Q-factor  (reflectivity  of  the  output  miror): 
a  65%; 

b  45%; 

c  7.5:%. 

Gas  mixture  1:2:4. 

Gas  pressure  0.28  atm. 

EBCD  specific  input  energy  280  J/1  atm. 


Laser  gas  pressure,  atm 


Fig.  3.3 1.  PC  reflectivity  versus  laser  gas  pressure  for  EBCD  specific 
input  energy  280  J/1  atm. 

Table  3.10.  PC  reflectivity  (R)  versus  laser  gas  pressure  (P).  (data  for  Fig.  3.31). 
EBCD  specific  input  energy  280  J/1  atm; 
gas  micsture  1:2:4; 

Rout  =  46  %; 

I,/l3=1.4. 


P,  atm 

0.10 

0.14 

R,% 

1.1 

1.27 

1.4 

0.40  0.56 

1.5  1.8 


I,  R,  arb.  un. 
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Time,  [is 

- .  -  probe  signal 


-  PC  signal 

-  PC  reflectivity 

Fig.  3.32.  Time-history  of  the  probe  and  PC  signal  and  PC  reflectivity  for  laser 
output  miror  reflectivity  Rout  =  65%  and  different  laser  gas  pressures, 
a  -  0.80  atm; 
b  -  0.56  atm; 
c- 0.42  atm; 
d  -  0.28  atm. 

Gas  mixture  CO2 :  N2 :  He  =  1 :  2  :  4.; 

I,/ 13  =  5. 
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33. .  Time-history  of  the  probe  and  PC  signal  and  PC  reflectivity  for  laser 
output  miror  reflectivity  Rout  =  8  %  and  different  laser  gas  pressures: 
a  -  0.80  atm; 
b  -  0.56  atm; 
c  -  0.42  atm; 
d  -  0.28  atm. 

Gas  mixture  CO2 :  N2 :  He  =  1 :  2  :  4.; 


PC  signal 
PC  reflectivity 


Fig.  3.34.  Probe,  PC  and  PCR  pulses 

for  laser  mixture  C02;N2:He  =  1:5:3,  0.28  atm,  SIE  280  M  atm,  R<,ut=  45%. 
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Fig.  3.35.  PC  reflectivity  versus  interaction  angle  of  DFWM. 

Table  3. 1 1.  PC  reflectivity  versus  interaction  angle  of  DFWM  (0) 

(data  for  Fig.  3.35). 

Gas  mixture  1  :  2 : 7; 
gas  pressure  0.25  atm; 

EBCD  specific  input  energy  300  J/1  atm; 
reflectivity  of  laser  output  miror  46%. 


6,  mrad. 

15 

20 

28 
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40 

PCR,  % 
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1.1 

0.65 

0.5 

0.3 
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Fig.  3.37.  Optical  quality  of  PC  reflectivity  versus  intensity  ratio  (I1/I3). 

Table  3.12.  Optical  quality  and  PC  reflectivity  (peak  and  aversged)  versus  intensity  ratio  (I1/I3). 


I1/I3 

2.7 

4.6 

15.6 

27.3  .. 

48.2 

peak  PCR,  % 

0.67 

0.72 

1.16 

0.94 

0.73 

av.  PCR,  % 

0.72 

0.62 

1.7 

0.74 

0.49 

K 

0.99 

1.11 

0.83 

1.13 

1.23 
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Fig.  3.38.  Time-history  of  the  probe  and  PC  signal  and  PC  reflectivity 
for  different  intensity  ratio  between  pump  and  probe  waves  (Ii/ 13). 
a  0.2; 

b  0.6; 


c  2 

Gas  mixture 
Gas  pressure 

EBCD  specific  input  energy 
Reflectivity  of  output  mirror 


1:2:4. 
0.28  atm. 
280  J/1  atm. 
8% 
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Fig.  3.39.  Probe  (a),  PC  (b)  and  PCR  (c)  proffles  for  DFWM  of  CO  laser  radiation: 

SDE  300  J/1  Amagat,  frequency  selected  resonator,  5.39  |un  spectral  range 
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3.40.  Probe,  PC  and  PCR  signals  for  diBFerent  spectral  bands  with 
of  5.23  pm  (a),  5.39  pm  (b)  and  5.52  pm  (c). 


PC  reflectivity,  % 


Fig.  3.41.  PCR  for  various  output  couplers  with  reflectivities  of  25%,  43%  and  74%' 
threshold  gain  estimated  is  athr  =  0.6  m"',  0.35  m’^  and  0.13  m''; 

5.40  p,m  spectral  band. 
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Fig.  3.43.  PCR  versus  gas  density  for  two  spectral  bands  of  5.39  pm  and  5.23  pm. 
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4.  EQgh  frequency  temporal  structure  of  laser  and  phase  conjugated  signals 
at  intracavity  DFWM  of  CO2  and  CO  laser  radiation  in  their  inverted 

Hi 

medium 

The  intracavity  DFWM  of  pulsed  CO  and  CO2  laser  radiation  involves  an  appearance  of  PC 
signal  backscattered  relative  to  a  probe  wave.  The  PC  signal  is  proved  to  have  a  complicated  time 
behaviour  Part  3  due  to  transient  mechanisms  of  formation  of  diffraction  gratings  (saturated  gain 
(or  amplitude)  grating  and  thermal  (or  phase)  one)  inside  an  active  medium.  The  theory  describing 
the  PC  process  and  the  experiment  itself  Part  2  dealt  with  relative  "smooth”  CO2  laser  pxilses  not 
taking  into  consideration  the  high  frequency  (HF)  temporal  structure  on  the  round-trip  period 
(RTP)  that  can  arise  due  to  longitudinal  mode  beating  and  mode  locking.  As  a  matter  of  fact,  the 
real  CO2  laser  pulses,  even  "long"  ones  with  pulse  length  Tout  ^  Trei  ,  where  trei  is  the  relaxation 
time  of  upper  laser  level,  do  have  such  structure  (chapter  3.2.2).  The  same  situation  seems  to  take 
place  also  for  CO  lasers,  though  up  to  now  nobody  attempted  measurement  of  the  structure, 
perhaps,  on  account  of  a  very  long  pulse  length  (--'10’'^  -10“^  sec).  The  objective  of  the  paper  is  the 
experimental  research  of  the  temporal  structure,  including  HF  one  on  the  RTP,  for  laser  (probe) 
and  PC  signals  at  DFWM  of  long  pulse  CO  and  CO2  lasers  radiation  with  nanosecond  resolution 
over  the  full  pulse  length. 

4.1.  Experimental  setup  and  optical  scheme 

The  experiments  were  carried  out  on  the  e-beam  controlled  discharge  (EBCD)  CO2  (CO)  laser 
installation  with  active  length  of  120  cm.  The  pulse  length  for  input  power  could  vary  and, 
normally,  was  20  |is,  input  energy  being  changed  between  100  and  400  Jfl  Amagat.  CO  laser 
operated  at  gas  temperature  of  -  100  K.  Laser  mixture  CO2  :N2  :He  =  1:2:4  and  CO:N2  :He  = 
1:4:5  were  used  for  CO2  (CO)  laser.  Gas  density  amounted  to  0.3  Amagat.  The  classical  optical 
scheme  for  DFWM  of  CO2  (CO)  laser  radiation  was  used  in  the  experiment  (Fig.  4.1).  The  laser 
resonator  length  was  18  m  (RTP  =  120  ns).  A  set  of  diaphragms  was  used  for  spatial  selection  of 
TEMoo  mode.  The  laser  beam  waist  on  the  output  coupler  was  15  mm.  The  output  energy  was 
approximately  about  one  Joule  both  for  CO  and  CO2  laser.  The  center  of  Ihe  active  medium  was 
situated  at  /  =  7.5  m  from  the  output  coupler  (round-trip  time  is  50  ns).  The  reflectivity  of  tbe 


This  research  work  has  been  done  together  with  C,  Beairsto,  R.  Penny,  S.  Squires  (Directorate  of  Applied 
Technology,  USA)  and  R.  Walter  (WJSA,  USA)  in  joint  experiments  at  Lebedev  Institute. 
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output  coupler  was  50%  for  CO2  and  43%  for  CO  laser.  The  diffraction  grating  (100  lines/mm, 
blazing  angle  30"")  was  used  in  case  of  spectral  selective  resonator.  Thus  CO2  and  CO  laser  could 
operate  both  in  single-line  mode  and  nonselective  one.  It  should  be  noted,  that  in  case  of  CO2  laser 
it  operated  on  single  line  P(20)  both  with  diffraction  grating  and  without  it.  In  selective  mode  CO 
laser  operated  on  Pio-9(15)  line  (5.40  ^im).  The  probe  beam  h  was  directed  to  the  active  medium 
under  the  small  angle  of  10  mrad  to  the  optical  axis  of  the  laser  and  after  propagating  throu^  it 
was  absorbed  by  an  absorber.  There  was  no  time  delay  between  the  probe  pulse  h  and  intracavity 
co-propagating  laser  pulse  I\  within  the  accuracy  of  ±  0.3  ns.  The  probe  signal  and  PC  signal  U 
backscattered  from  the  active  medium  were  directed  to  photodetectors  with  controlled  time  delay 
of  10  ns  which  was  reduced  to  zero  when  comparing  oscilloscope  traces  for  the  probe  and  PC 
signals. 

In  measuring  pulse  profile  and  HF  structure  of  the  probe  and  PC  signals  HgCdTe 
photodetectors  and  photon  drag  detector  with  nanosecond  response  time  and  oscilloscope 
^TEKTRONIX"  TDS680B  were  used. 

4.2.  Experimental  results  and  discussion 

Temporal  behaviour  of  probe  and  PC  signals  for  CO2  laser. 

The  time  measurement  fulfilled  with  much  better  nanosecond  time  resolution  then  in  previous 
experiments  Part  3  confirms  the  existence  of  very  compHcated  structure  bn  large  temporal  scale 
being  dependent  on  a  number  of  parameters  such  as  specific  input  energy  and  power,  intensity 
ratio  for  probe  and  co-propagating  pumping  wave  etc.  As  it  was  emphasized  in  Part  3  these 
parameters  strongly  influence  upon  the  relative  role  of  two  principal  mechanisms  of  nonlinearity 
such  as  amphtude  and  phase  ones.  One  can  see  fi'om  Fig.  4.2a  bearing  in  mind  the  previous  results 
the  relative  high  amphtude  of  PC  signal  at  the  front  of  the  pulse  due  to  amphtude  mechanism  and 
strong  PC  reflectivity  at  the  rear  part  due  to  thermal  mechanism  (q  =  165  J/1  atm;  /1//3  =  4).  An 
increase  of  input  power  pulse  length  (Fig.  4.2b)  leads  to  an  increase  of  probe  pulse  length,  a 
decrease  of  its  average  intensity  (together  with  a  decrease  of  smaU  signal  gain)  and  results  in 
strong  decrease  of  PC  reflectivity  on  the  front  of  pulse  and  rise  of  the  PC  signal  on  the  pulse  tail 
(q=  220  J/1  atm,  Ifh  =  H).  When  increasing  specific  input  energy  together  with  intensity  of 
probe  beam  (q  =  300  J/1  atm,  Ifh  ~  0-4),  the  oscillation  of  the  tail  both  of  probe  and  PC  signal 
with  period  of  '^2  |lis  is  observed  (Fig.  4.2c)  being  more  distinctive  for  the  PC  signal.  The  absence 
of  an  accumulation  of  thermal  nonlinearity,  as  one  can  see  Jfrom  ah  the  diagrams  of  Fig.  4.2a-c 
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also  confiirms  the  conclusions  of  Part  3,  that  there  are  some  effects  preventing  from  such 
accumulation  which  are  not  taken  in  consideration  by  theoretical  calculations. 

One  can  see  in  Fig.  4.3  that  both  probe  and  PC  pulses  have  a  periodic  structure  with  penod  of 
120  ns  corresponding  to  RTP  and  also  have  very  deep,  nearly  100%  modulation.  The  first  peak  of 
the  PC  pulse,  which  can  be  seen  in  Fig.  4.3a,  follows  the  probe  pulse  nearly  noninertially,  its  front 
being  more  sharp.  A  spike  with  maximal  amplitude  of  the  first  peak  of  the  PC  pulse  does  not 
always  fit  to  that  of  the  probe  pulse  (it  depends  on  experimental  conditions).  And  what  it  is  more, 
the  strong  spike  in  PC  signal  correlates  with  weak  one  in  probe  signal  very  frequently  on  various 
temporal  scales.  Fig.  4.3b  demonstrates  the  time  behaviour  of  probe  and  PC  signal  for  pulses  of 
Fig.  4.2c  at  the  seventh  microsecond  from  the  beginning  of  the  laser  pulse.  The  PC  signal  has  an 
oscillation  with  the  same  period  of  500  ns  like  for  probe  signal,  however  with  opposite  phase. 

The  typical  first  peak  of  the  laser  and  PC  pulses  is  presented  in  Fig.  4.4a, b  with  better 
resolution.  The  100%  modulation  can  be  observed  very  clearly.  The  diagrams  could  explain  the 
process  of  writing  down  and  reading  out  the  difiBraction  grating  during  first  peak  of  the  laser  pulse, 
which,  as  was  shown  in  Parts  2  and  3  was  brought  about  by  amplitude  mechanism.  One  can  easily 
see  from  Fig.  4.4a,  that  PC  signal  is  observed  of  50  ns  later  relatively  the  probe  one.  The  reason  of 
it  that  the  grating  begins  to  be  written  down  in  the  active  medium  when  a  first  spike  goes  out  the 
laser  resonator  (wave  I^)  comes  back  to  the  active  medium  and  interferes  there  with  the  same 
spike  reflected  from  the  output  coupler  back  to  the  active  medium  (Fig.  4.1).  The  amplitude 
grating  is  read  out  by  spike  of  intracavity  wave  I 2  shifted  on  rshift==  2  I  /c  =  50  ns  relatively  spikes 
of  waves  /i  and  /a .  As  a  result  of  diJB&action  of  the  intracavity  pulse  h  on  the  grating  we  observe 
PC  signal  h.  Thus  on  the  diagrams  of  Fig.  4.4a  we  have  the  signal  reading  out  the  diG&action 
grating  (upper  trace)  and  one  being  read  by  that  signal,  i.e.  PC  signal  (bottom  trace).  Let  s 
consider,  for  instance,  the  process  of  formation  of  spikes  2*  and  4’  belonging  to  PC  signal 
(Fig.  4.4a).  The  spike  2'  (4’)  is  a  result  of  difiBraction  of  spike  2  (4)  on  grating  wntten  down  by 
spike  1  (3)  going  from  output  mirror  to  the  active  medium  by  two  equal  ways  OMi=  M1M3O  =  /. 
This  description  explains  the  formation  of  large-scale  grating  with  spatial  period  of  2/6 . 

Inasmuch  as  the  CO2  laser  pulse  (and  CO  laser  pxxlse  also)  consists  of  spikes  with  length  of 
10  ns  determined  by  pressure  broadening,  one  should  take  into  account  the  fact  of  existing  of 
small  scale  grating  with  spatial  period  of  XU  which  has  never  been  considered  for  CO2  and  CO 
lasers,  for  they  have  believed  that  this  grating  is  destroyed  very  quickly  by  heat  conductivity.  Like 
in  case  just  described  above  there  are  three  spikes  being  in  the  active  medium  simultaneously: 
spike  1  (3)  from  the  wave  /i,  spike  1  (3)  from  the  wave  h  and  spike  2(4)  from  the  wave  I2.  An 
interference  of  spike  1  (3)  of  wave  I3  and  spike  2(4)  produces  a  grating  which  is  read  out  by 
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spike  1  (3)  of  wave  h  bringing  forth  the  PC  signal  spike  T  (4')  (Fig.  4.4a).  These  two  diffraction 
grating  can  work  together  resulting  in  complicated  temporal  structure  on  RTP . 

The  HF  structure  of  PC  signal  is  also  complicated  one  because  sometimes  a  spike  (for 
instance,  1  or  2  in  Fig.  4.4b  can  not  be  brought  forth  by  small  scale  grating,  because  there  is  too 
weak  intensity  on  the  tail  of  spike  4  and  on  the  jfront  of  spike  3  to  bring  forth  strong  amplitude 
diffraction  grating.  The  large  scale  grating  seems  to  operate  in  this  case  and  spike  1  is  diffracted  on 
grating  obtained  on  the  front  of  pulse  3  bringing  forth  the  spike  T.  Spike  2’  is  a  result  of 
interaction  of  spike  2  with  grating  formed  by  spike  4  of  wave  I\  and  h  •  Moreover,  the  amplitude 
of  PC  signal  spike  2’  for  weaker  spike  2  is  higher  than  that  of  V  for  stronger  probe  pulse  1.  The 
difference  is  that  spike  2  is  scattered  on  the  grating,  which  still  exists  after  the  spike  4,  and  the 
spike  1  is  scattered  on  diffraction  grating  corresponding  to  the  front  of  the  spike  3.  From  here  it  is 
possible  roughly  to  estimate  the  Ufe-time  of  the  diffraction  grating  20  ns,  that  is  determined  by 
gain  recovering.  The  spike  5,  which  is  scattered  at  the  rear  part  of  spike  3  designated  like  6,  when 
gain  hole  does  still  exist,  bring  forth  the  more  intensive  spike  5'  in  PC  signal. 

Of  course,  the  process  of  formation  of  PC  signal  is  much  more  complicated  than  quahtative 
illustration  given  above  and  the  signal  reflects  the  complex  time  behaviour  of  PC  process,  on 
which  strongly  influences  also  optical  inhomogeneities  arising  in  active  medium  during  laser  pulse. 
The  inhomogeneities  can  bring  forth  the  anomalies  taking  place  on  RTP  during  the  laser  pulse. 
One  of  the  laser  pulse  and  its  PC  signal  (Fig.  4.2a)  was  analyzed  with  nanosecond  resolution 
during  its  full  length  (Fig.  4.5).  Though  the  laser  probe  signal  is  regular  one  (one  of  the  spikes 
repeating  itself  with  RTP  is  marked  over  the  full  pulse  length),  there  is  some  destruction  of  PC 
signal  (see  Fig.  4.5b;  3.2  [is  after  beginning  of  the  laser  pulse).  Sometimes  very  weak  probe  signal 
brings  forth  strong  PC  signal  (Fig.  4.5c;  6  |as).  In  general,  regular  structure  is  kept  till  the  end  of 
laser  pulse  (Fig.  4.5d;  12.4  |is),  where  thermal  nonlinearity  operates.  It  should  be  noted,  that  even 
for  a  very  weak  probe  signal  with  intensity  of  one  hundredth  as  much  as  that  of  the  first  peak  of 
the  laser  pulse,  we  did  observed  yet  PC  signal  (Fig.  4.5d)  with  PC  reflectivity  (on  intensity) 
approximately  twice  as  higher  as  for  the  first  peak  of  the  laser  pulse.  The  results  confirms  the 
conclusions  of  Part  3,  that  the  thermal  grating  is  not  acciimulated  in  active  medium  as  it  follows 
from  the  theory. 

As  was  already  mentioned  above  the  complicated  HF  structure  of  free-running  CO2  laser 
pulse  seems  to  be  due  to  mode  beating.  The  mode-locking  leads  to  a  higher  intensity  spike  on  the 
RTP.  In  our  experiments  the  mode-locking  regime  of  operation  for  EBCD  CO2  laser  was  brought 
about  by  use  of  a  plasma  mirror  [37].  The  laser  pulse  consists  of  a  set  of  pulses,  some  of  them 
bemg  mode-locked  with  a  regular  spike  structiue.  Fig.  4.6a-c  illustrates  one  of  the  pulses.  Here  the 


127 


PC  signal  does  arise  by  diflBraction  of  reading  out  wave  on  thermal  grating  produced  by  previous 
pulses,  the  last  of  which  takes  place  ~  6  |is  before  the  mode-locked  pulse  presented  on  Fig.  4.6. 
Actually,  the  strong  PC  signal  on  amphtude  grating  could  not  arise  because  there  was  no  strong 
spike  writing  down  the  grating  at  50  ns  before  the  reading  out  spike.  The  increase  of  pre-spike  2 
and  decrease  of  after-spike  3  (Fig.  4.6c)  are  connected  with  conditions  of  amplification  and  gain 
saturation  inside  active  medium.  The  analysis  of  the  results  demonstrates,  that  the  active  medium 
should  be  situated  near  the  output  coupler  (or  near  the  rear  mirror)  to  produce  the  same  three 
spikes  (probe  one  and  two  laser  spikes  for  the  two  intracavity  waves)  in  the  same  place 
simultaneously  (in  case  the  rear  mirror,  the  reading  out  spike  would  be  shifted  at  RTP  with  respect 
to  writing  down  spikes).  Though  such  disposition  of  laser  resonator  involves  some  experimental 
difiSculties.  It  should  be  noted,  that  for  mode-locking  regime  some  anomalies  also  were  observed 
like  in  case  of  firee-ninning  mode.  See  Fig.  4.6d  where  one  can  see  disappearing  of  some  spikes 
from  PC  signal  and  strong  PC  signal  for  the  very  weak  spike. 

Time  history  of  laser  and  PC  signal  at  DFWM  of  CO  laser  radiation. 

As  it  is  weU  known,  free-running  EBCD  CO  laser  has  of  the  order  of  magnitude  longer  pulse 
as  compared  to  CO2  laser  and  irregular  structure  owing  to  kinetic  processes  taking  place  m 
multilevel  active  medium.  This  structure  is  normally  measured  with  photo  detectors  with  response 
time  of  ~  1  |lIs.  The  measurement  with  nanosecond  resolution  demonstrates  that  CO  laser  also  has 
periodic  structure  both  for  single  line  and  multiline  (non-selected)  pulses  with  very  deep  (up  to 
100%)  modulation  (Fig.  4.7).  The  structure  could  arise  as  a  result  of  longitudinal  mode  beating 
and/or  mode  locking  due  to  a  saturable  absorber  such  as  water  vapors  in  long  length  laser  cavity. 
The  structure  is  kept  during  full  pulse  length,  very  regular  structure  being  observed  during  RTP 
(see  Fig.  4.7, c  where  the  pattern  corresponds  to  the  third  microsecond  of  pulse  length).  This 
structure  has  never  been  observed  before.  To  say  the  truth,  we  expected  to  observe  mode-beating 
as  a  ripple  on  the  laser  pulse  envelope  (in  particular,  for  multiline  CO  laser  pulse),  and  was  really 
surprised  in  measuring  very  deep  modulation.  That  modulation  refers  to  a  very  low  number  of 
longitudinal  modes  taking  part  in  lasing. 

The  interaction  of  probe  beam  with  intracavity  laser  radiation  (Fig.  4.8)  disturbs  sUghtly  the 
regular  structure  on  RTP  though  the  strong  modulation  is  kept  during  the  full  CO  laser  pulse.  The 
PC  signal  differs  from  probe  one,  though  also  has  regular  structure  with  deep  modulation  both  on 
large  and  small  temporal  scale  (Fig.  4.9  and  Fig.  4.10).  It  has  sharper  front  (Fig.  4.9a-c).  In  case 
of  strong  probe  signal  (Fig.  4.9a)  there  are  holes  in  PC  signal  intensity  corresponding  to 
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maximums  of  probe  signal.  At  the  front  part  of  PC  pulse  maximum  (on  the  temporal  scale  of 
~  1  |is)  also  does  not  correspond  to  maximum  of  probe  pulse.  Like  for  CO2  laser,  oscillations 
takes  place  both  for  probe  and  PC  signal  (see  Fig.  4.2  and  Fig.  4.9b, c.).  The  reason  for  these 
oscillations  like  in  the  case  of  CO2  laser  could  be  acoustical  disturbances  taking  place  in  the  active 
medium  of  both  lasers. 

The  HF  structure  for  probe  and  PC  signals  of  CO  laser  has  rather  more  compHcated 
behaviour  than  for  CO2  laser.  Part  of  the  PC  and  probe  signal  are  presented  in  Fig.  4.10a 
(-  600  ns  j&om  the  beginning  of  the  pulse).  The  front  of  the  laser  pulse  itself  has  a  relative  non¬ 
regular  structure  being  noticeably  changed  from  one  RTP  to  another  (Fig.  4.10a).  This  behaviour 
strongly  differs  from  that  of  CO2  laser  pulse  which  has  strong  periodic  structure  on  its  front  (see 
Fig.  4.3,  for  example).  The  comparison  between  HF  structures  for  the  two  signals  is  also 
comphcated  because  of  electromagnetic  noise  being  just  one  third  -  one  forth  as  much  as  PC 
signal  intensity  at  the  front  part  of  pulse.  It  should  be  noted  that  intensity  of  probe  and  PC  signal 
approximately  100  times  less  than  that  of  CO2  laser,  particularly  for  its  first  peak.  The  regular 
periodic  structure  for  both  signal  could  be  much  easily  seen  far  from  the  beginning  of  the  pulse  (-- 
10-25  |is),  where  laser  intensity  much  higher  (Fig.  4.  lOb-d).  As  compared  to  that  of  CO2  laser,  the 
structure  of  CO  laser  itself  is  changed  sUghtly  from  one  RTP  to  another  (see  Fig.  4.10b,c  and  d, 
obtained  for 10  and  24  |is,  Fig.  4.  lOd  corresponds  to  the  other  laser  pulse). 

The  HF  structure  of  PC  signal  for  CO2  laser  at  long  distance  (Fig.  4.5a-d)  nearly  repeats  that 
of  probe  pulse.  The  fact,  as  was  mentioned  above,  refers  to  prevaihng  role  of  thermal  PC 
mechanism  at  large  temporal  scale  for  CO2  laser.  The  situation  seems  to  be  quite  different  for  CO 
laser.  The  HF  structure  of  PC  signal  strongly  differs  from  that  of  probe  signal,  reminding  the  HF 
structure  behaviour  for  a  first  peak  of  CO2  laser  pulse  (Fig.  4.3  and  4.4),  where  amphtude 
mechanism  is  responsible  for  the  PC  process.  In  many  cases  the  beginning  of  the  probe  spike 
(Fig.  4.  lOd)  has  much  stronger  PC  reflectivity  than  following  spikes.  As  a  matter  of  fact,  the 
amphtude  mechanism,  as  was  emphasized  in  theoretical  paper  [23-24]  should  be  the  main  one  for 
CO  laser  because  of  a  slow  V-T  relaxation  rate  of  CO  molecule.  The  combination  of  mutual 
disposition  of  writing  down  and  reading  out  spikes  leads  to  the  more  comphcated  temporal 
behaviour  of  HF  structure  for  CO  laser.  The  rather  more  detailed  analysis  on  the  basis  of 
comparison  between  experimental  and  theoretical  data  is  needed  for  expiration  of  comphcated 
temporal  behaviour  of  HF  structure  for  probe  and  PC  signal  of  CO  laser,  that  is  more  difficult  as 
compared  to  CO2  laser  on  account  of  much  more  comphcated  kinetics  of  CO  laser. 
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Conclusions 


The  HF  structure  for  PC  signal  of  free-ruiming  and  mode  locked  CO2  laser,  and  for  probe  and 
for  PC  signal  of  free-running  CO  laser  at  DFWM  in  inverted  medium  was  observed  for  the  first 

time. 

Together  with  large  temporal  scale  behaviour  the  HF  structure  refers  to  two  principal 
mechanisms  of  PC  process  (resonance  and  thermal  ones)  in  CO2  laser  and  resonance  mechanism 
in  CO  laser.  The  existence  of  HF  structure  on  nanosecond  scale  both  for  CO2  and  CO  laser,  which 
have  never  been  taken  into  consideration  both  in  experiment  and  theory  makes  reconsider  the  role 
of  small  scale  difl&action  grating  in  active  medium,  and  also  makes  take  into  account  the  small 
temporal  scale  CO2  and  CO  laser  kinetics  (for  instance,  hole  burning  in  vibrational-rotational  gam 
distribution  etc.). 
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small  scale  (b)  diJBBraction  gratings  in  active  medium. 

Ml  -  output  coupler,  M2  -  rear  concave  mirror,  G  -  diflBraction  grating,  M3  -  folded  mirror, 
P  -  photodetector,  D  -  diaphragm,  O  -  active  medium  centre,  OMi  =  M1M3O  =  /  =  7.5  m. 
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Fig.  4.2.  Probe  (upper  trace)  and  PC  (bottom  trace)  signals  for  j&ee-runnmg  CO2  laser 
q=165  J/1  atm,  Ii/l3=4  (a);  q=220  J/1  atm,  Ii/l3=l  1  (b);  q=300  J/1  atm,  I,/l3=0.4  (c). 
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Fig.  4.3.  First  peak  (a)  of  probe  and  PC  pulses  in  Fig.  4.2  c  and 
the  seventh  microsecond  (b)  of  pulses  in  Fig.  4.2b. 

Upper  trace  -  probe  pulse;  bottom  trace  -  PC  pulse. 
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Fig.  4.4.  First  peak  of  CO2  laser  and  PC  pulses  on  different  time'scales. 
Upper  trace  -  probe  pulse;  bottom  trace  -  PC  pulse. 
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Fig.  4.5.  CO2  laser  and  PC  pulses  for  different  time  intervals; 

1.8ps  (a),  3.2  ps  (b),  6.2  ps  (c),  12.4  ps  (d). 

Upper  trace  -  probe  pulse;  bottom  trace  -  PC  pulse.  Arrows  mark  some  anomalies. 
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Fig.  4.8.  Single  line  CO  laser  pulse  with  DFWM  on  different  time  scales. 
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Fig.  4.9.  Probe  (upper  trace)  and  PC  (bottom  trace)  signals  for  free-ruitnnig  CO  laser, 
q=220  J/1  Amagat,  Ii/l3=  1,  multiline  pulse  (a); 

Ii/l3=3.5,  single  line  pulse  (b,c)  on  different  time  scales. 
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Fig.  4.10.  Probe  (upper  trace)  and  PC  (bottom  trace)  signals  for  free-running  CO  laser, 


q=220  J/1  Amagat,  single  line,  Ii/l3=3.5,  640ns  (a);  lO.Ops  (b);  23.5(rs  (c);  I1/I3-I,  lOps  (d). 
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Conclusions 


The  PC  process  at  DFWM  inside  CO2  laser  medium  has  been  studied  both  experimentally  and 
theoretically.  The  PC  process  inside  CO  laser  medium  has  been  studied  experimentally.  It  has  been 
shown,  that  the  formation  of  the  PC  signal  imder  the  intracavity  DFWM  is  characterized  by  a 
compUcated  time  history  that  reflects  the  main  relaxation  processes  taking  place  inside  the  inverted 
medimn. 

Theoretical  research  of  DFWM  inside  EBCD  CO2  laser  active  medium  has  allowed  to  define 
temporal  behaviour  of  PC  wave  intensity  and  PC  reflectivity  separately  on  transient  gain  (amphtude) 
and  thermal  (phase)  gratings,  that  is  very  important  for  a  study  of  properties  of  these  compHcated 
physical  processes  of  hght  waves  interaction.  The  time-history  of  the  CO2  laser  and  PC  signal  pulses, 
and  PC  reflectivity  has  been  thoroughly  investigated  experimentally  for  different  cavity  Q  factors  and 
specific  electrical  energy  inputs.  The  comparison  of  the  theoretical  and  experimental  data  has 
confirmed  the  contribution  of  two  diflerent  mechanisms  of  grating  formation  under  DFWM  inside 
the  active  medium  of  the  CO2  laser.  At  the  biginning  of  the  PC  process  the  time-history  of  the  PC 
signal  agreed  with  results  of  theoretical  calculation  for  resonant  mechanism  of  nonlinearity.  The  rear 
part  of  the  pulse  may  be  described  by  thermal  mechanism  of  nonlinearity. 

The  influence  of  different  parameters  such  as  gas  pressure,  specific  input  energy,  laser  mixture 
content,  intensity  ratio  for  probe  and  co-propagating  pumping  wave,  coherency  and  geometry  etc. 
upon  characteristics  of  PC  signal  and  PC  reflectivity  at  intracavity  DFWM  of  long  pulse  CO2  and  CO 
lasers  radiation  in  their  inverted  medium  has  been  studied  experimentally,  the  PCR  (on  energy)  being 
up  to  ~3%  for  CO2  laser  and  0.5%  for  CO  laser.  The  parametric  study  of  PCR  at  DFWM  in  active 
medium  of  EBCD  CO  laser  has  demonstrated  that  the  fimctional  dependencies  of  PCR  and  temporal 
behaviour  of  PC  and  PCR  signals  differ  strongly  from  those  obtained  for  EBCD  CO2  laser.  The 
parametric  study  refers  to  the  resonance  mechanism  to  be  responsible  for  PC  process  in  CO  laser 
active  medirun.  A  theory  taking  into  account  the  real  laser  parameters  should  be  developed  for 
describing  the  PC  process  in  active  medium  of  CO  laser. 

The  comparison  of  experimental  and  theoretical  data  for  the  PCR  (on  energy)  inside  CO2  laser 
medimn  has  demonstrated  a  disagreement  between  them.  The  disagreement  between  theoretical  and 
experimental  data  might  be  due  to  processes  taking  place  in  active  medium  of  CO2  laser  and  being 
connected  with  self-influence  of  laser  radiation.  These  processes  were  not  taking  into  account  in 
theory,  but  were  observed  when  studying  experimentally  a  temporal  behaviour  of  PC  and  PCR 
signals.  The  theory  should  be  developed  taking  into  account  laser  induced  medium  perturbation, 
which  seems  to  create  not  only  phase  diffraction  gratiag  at  DFWM,  but  also  destroy  it  via  optical 
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disturbances.  For  the  better  understanding  the  phenomena  the  experiments  should  be  carried  out  on 
smaller  temporal  scale  with  nanosecond  resolution. 

The  HF  srtucture  for  PC  signal  of  free-running  and  mode-locked  CO2  laser,  and  for  probe  and  for 
PC  signal  of  free-running  CO  laser  at  DFWM  in  inverted  medium  was  observed  in  our  experiments 
for  the  first  time.  Together  with  large  temporal  scale  behaviour  the  HF  structure  refers  to  two 
principal  mechanisms  of  PC  process  (resonance  and  thermal  ones)  in  CO2  laser  and  resonance 
mechanism  in  CO  laser.  The  existence  of  HF  structure  on  nanosecond  scale  both  for  CO2  and  CO 
laser,  which  have  never  been  taken  into  consideration  both  in  experiment  and  theory  makes 
reconsider  the  role  of  small  scale  diffraction  grating  in  active  medium,  and  also  makes  take  into 
accoxmt  the  small  temporal  scale  CO2  and  CO  laser  kinetics. 
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